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Imagine you are 14 years old, and you are at school. Together with your friends, you hide behind the 
school gym to smoke a cigarette. You are about to light the cigarette, but suddenly you hear the angry 
voice of an approaching teacher right around the corner. You freeze. Freezing—a stage of attentive 
immobility—occurs at the very beginning of a threat exposure. It is a state in which your body 
assesses the situation and very rapidly prepares for optimal fight-or-flight responses (e.g., arguing 
with the teacher that you were not smoking, hiding the cigarette, or running away in the hope that 
the teacher will not see you) for dealing with the encountered threat situation. Consequently, freezing 
as an immediate response to a threat encounter is adaptive. However, when one remains frozen, and 
unable to act in order to deal with the threatening situation appropriately, freezing may become 
maladaptive. Flexibility in shifting between freezing and fight-or-flight reactions is, therefore, of crucial 
importance for adequate stress coping. To increase our understanding of the function of adaptive and 
maladaptive freezing responses, research into the mechanisms involved in the expression of freezing 
responses and their role in the development of stress-related symptoms is needed.
The central aim of this dissertation was to examine freezing responses across development. I focused 
specifically on increasing our understanding of individual differences in human freezing and its 
role in the development of stress-related symptoms, by using a prospective longitudinal study. This 
dissertation involves investigations of human freezing reactions to threatening stimuli in the first 
two decades of life. I used freezing observations to assess infant freezing behavior in response to a 
robot confrontation, as well as well-established posturographic and electrocardiographic measures 
to objectively assess adolescent freezing responses to social threat cues and to a standardized stress 
induction procedure. Adolescents were tested specifically during mid and late adolescence, when 
they encounter many societal challenges, hormonal changes, and when many affective symptoms 
develop. Increasing our knowledge and understanding of human freezing can inform us about the 
relevance of freezing as a marker for the development of human psychopathology. 
In this chapter, I present the relevant theoretical background for my dissertation studies. More 
specifically, I start with reviewing recent insights into the phenomenology and neural mechanisms 
of threat-induced freezing in animals. Subsequently, I discuss sources of variations in animal freezing 
behavior, which have remained largely unstudied in humans, and were investigated in relation to 
human freezing in this dissertation. Next, I discuss the recent development of freezing in humans and 
its relation to the development of stress symptoms. Finally, I highlight the aims and methods of this 
dissertation, and I conclude with an outline of this dissertation.
Phenomenology of freezing as a defensive response 
Apart from humans, the defensive cascade of freezing and fight-or-flight responses has been widely 
observed across various animal species—such as rodents, hens, primates, and fish (Blanchard, 2017; 
Gabrielsen, Blix, & Ursin, 1985; Kempster, Hart, & Collin, 2013). From an evolutionary perspective, it is 
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believed that this defensive stress response cascade has evolved as a behavioral repertoire to cope 
with threat and to increase an animal’s chance of survival. The occurrence of these stress responses 
changes systematically and dynamically as a function of the probability of a threat encounter as 
well as the proximity to the threat (Fanselow, 1994). 
When an animal encounters a potential threat, but at the same time remains undetected by the 
predator, freezing typically occurs (i.e., post-encounter stage of threat; Fanselow, 1994). Freezing 
is characterized by a complete absence of movement—besides eye movements and movements 
of respiration—combined with increased muscle tone and heart rate deceleration, also called 
“bradycardia” (Fanselow, 1994; Schenberg, Vasquez, & da Costa, 1993). Other features, such as 
a change in body temperature, reduced vocalization, and increased ultrasonic vocalizations 
have been associated with freezing, but less consistently or as a species-specific characteristic of 
freezing (Blanchard, Yudko, Rodgers, & Blanchard, 1993; Hagenaars, Oitzl, & Roelofs, 2014; Kalin & 
Shelton, 1989). Freezing serves several evolutionary-conserved survival purposes: being motionless 
decreases the likelihood of being detected by the predator (Bracha, 2004). This survival strategy 
has been observed in embryos of sharks, a species that is older than the dinosaurs (Kempster et al., 
2013). Other survival purposes associated with freezing are enhanced perception, hypervigilance 
to threat cues, risk assessment, as well as an activated tense body that readies the individual for 
optimal and rapid fight-or-flight responses (Blanchard, Griebel, Pobbe, & Blanchard, 2011; Gladwin, 
Hashemi, van Ast, & Roelofs, 2016; Lojowska, Gladwin, Hermans, & Roelofs, 2015). 
THREAT
orienting
freezingfight/flight
tonic	
immobility
continuation	
of	behavior false	alarm
no	success no	success
Figure 1 | Schematic overview of the defensive cascade. Figure adapted from Hagenaars et al. (2014).
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When an attack starts and escape is possible, flight becomes the dominant response (Bastos et al., 
2016; Blanchard & Blanchard, 1971). However, when an escape route is blocked in such a situation, 
freezing also occurs (Bastos et al., 2016; Blanchard, Flannelly, & Blanchard, 1986). When predator-
prey contact takes place, defensive attack occurs, aiming to frighten the predator, and to give the 
prey a possibility to flee (Blanchard et al., 1986). As a last antipredator resort, tonic immobility, 
also described as “playing dead”, occurs when freezing and fight-or-flight responses are no longer 
optimal defensive responses (Bracha, 2004). For a schematic overview of the defensive cascade, see 
Figure 1. Human scenario studies suggest that the factors of proximity and probability of threat, 
which influence the occurrence of specific defensive behaviors particularly in rodents, play a similar 
role in determining human defensive responses to conspecific threat scenarios (Blanchard, 2017). 
In general, freezing is considered a universal stress response to both conditioned (i.e., learned) and 
unconditioned directly threatening stimuli or situations (Rosen, 2004).
Neural regulation of freezing
Upon threat exposure, several neuronal circuits are activated. These include the autonomic 
nervous system (ANS) and the hypothalamic pituitary adrenal (HPA)-axis. During freezing, both 
counteracting branches of the ANS, the sympathetic and the parasympathetic nervous systems, are 
simultaneously activated. However, only when the parasympathetic system dominates, we observe 
freezing, as it serves as a brake on the sympathetically-activated arousal and fight-or-flight system 
(Kozlowska, Walker, McLean, & Carrive, 2015; Roelofs, 2017). 
In Figure 2, neuronal co-activations of these two ANS systems during freezing are illustrated. The 
amygdala plays a central role in activating both ANS systems. Projections from the amygdala to 
the hypothalamus are involved in sympathetic activation, including increased heart rate, increased 
vascular resistance, catecholamine release, inhibition of digestion, and increased respiratory 
rate (LeDoux, Iwata, Cicchetti, & Reis, 1988). Simultaneous projections from the amygdala to the 
periaqueductal grey (PAG)—a midbrain region—are producing the behavioral characteristics 
of the defensive cascade (Keay & Bandler, 2001). Lesion and stimulation studies suggest that the 
ventrolateral (vl) PAG is responsible for freezing (Kim, Rison, & Fanselow, 1993; LeDoux et al., 1988; 
Vianna, Graeff, Landeira-Fernandez, & Brandao, 2001; Walker & Carrive, 2003), whereas the dorsal 
or dorsolateral (dl) PAG is involved in generating fight-or-flight responses (Keay & Bandler, 2001). 
In particular, direct projections from the amygdala to the dlPAG activate premotor centers in the 
pons and medulla, which in turn stimulate networks in the spinal cord inducing motor patterns 
characteristic of the sympathetically-driven fight-or-flight response (Carrive, 1993; Keay & Bandler, 
2001). However, during freezing, projections from the amygdala to the vlPAG inhibit the dlPAG 
output, thereby neutralizing any motor patterns associated with the fight-or-flight response 
(Tovote et al., 2016; Walker & Carrive, 2003). This results in the most typical characteristic of freezing 
behavior, namely, immobility. Simultaneously, the vlPAG activates the vagal pathway via the dorsal 
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Figure 2 | Schematic representation of neural structures and pathways involved in freezing in response to threat. Freezing 
involves activation of the hypothalamus pathway, as well as of both the ventrolateral (vl) and dorsolateral (dl) periaqueductal 
gray (PAG) pathways. During freezing, activity of the vlPAG, regulated by the amygdala, serves as a brake (i) on the sympathetic 
increase in heart rate via the vagal pathway, generating parasympathetically-driven heart rate deceleration, and (ii) on the 
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motor nucleus (DMN) to generate parasympathetically-driven heart rate deceleration, the second 
main characteristic of the freezing state (Farkas, Jansen, & Loewy, 1997; Walker & Carrive, 2003). 
The vlPAG brake, however, leaves the pathway from the hypothalamus intact, resulting in increased 
muscle tone (Walker & Carrive, 2003). 
The co-activation of both ANS systems during freezing, as described above and illustrated in Figure 
2, results in a frightened individual who is immobile, highly aroused, alert, tense, primed to respond, 
but not yet active (Kozlowska et al., 2015). If, however, the predator attacks, freezing gives way to 
fight-or-flight responses. This switch from freezing to fight-or-flight responses is probably initiated 
by the amygdala by inhibition of the vlPAG and by releasing the neutralization of the sympathetic 
system (Gozzi et al., 2010). Additionally, projections from the ventromedial prefrontal cortex 
(vmPFC) and the anterior cingulate cortex (ACC) to the amygdala in particular facilitate switching 
between these defensive modes of freezing and fight-or-flight behavior (Gozzi et al., 2010; Tovote, 
Fadok, & Luthi, 2015). 
Most of these neural insights are derived from animal models, primarily of rodent behavior. However, 
emerging evidence from humans suggests that the amygdala-PAG pathway is also involved in 
human freezing responses (Hashemi et al., 2016; Hermans, Henckens, Roelofs, & Fernandez, 2013). 
Recently, the striking similarities in the core phenomenology and neural mechanisms of freezing 
behavior in both animals and humans have been highlighted (Roelofs, 2017). This validates the use 
of knowledge derived from research of animal defensive stress responses as a basis for exploring 
similar associations in human freezing responses, a central goal of this dissertation.
Sources of variations in animal freezing responses
Contextual and individual factors shaping freezing
Freezing assessment is used in animal studies as the main outcome measure of stress and fear, 
most extensively studied in rodents and monkeys (Hagenaars et al., 2014). There are substantial 
differences in freezing behavior both across and within species (Graham, Yoon, Lee, & Kim, 2009). 
Generally, freezing shows relatively high heritability and stability over time in animals (Rogers, 
Shelton, Shelledy, Garcia, & Kalin, 2008), but at the same time freezing is also shaped by various 
contextual and individual factors. Contextual changes (Imanaka, Morinobu, Toki, & Yamawaki, 
2006), exposure to severe events (Daviu, Fuentes, Nadal, & Armario, 2010; van den Berg, Lamberts, 
Wolterink, Wiegant, & van Ree, 1998; van Dijken, Mos, van der Heyden, & Tilders, 1992), chronic 
dlPAG output, putting the sympathetically-driven fight-or-flight response on hold, thus generating immobility. Muscle tone remains 
high during freezing, enabled via the hypothalamus pathway. The hypothalamus also regulates sympathetic visceral reactions 
and activates the hypothalamic pituitary adrenal (HPA)-axis to produce cortisol. Projections of the ventromedial prefrontal cortex 
(vmPFC) and the anterior cingulate cortex (ACC), particularly to the amygdala facilitate rapid shifts between freezing and fight-
or-flight responses. CRH: corticotrophin-releasing hormone; ACTH: adrenocorticotropic hormone; DMN: dorsal motor nucleus of the 
vagus. Figure adapted from Kozlowska et al. (2015). 
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stress (Conrad, LeDoux, Magarinos, & McEwen, 1999), and the experience of early life stress and 
traumatization (i.e., low levels of maternal licking and grooming or postnatal separation from the 
animal’s mother; Lukkes, Mokin, Scholl, & Forster, 2009; Menard, Champagne, & Meaney, 2004; 
Sanders & Knoepfler, 2008) are some examples of contextual factors that have been demonstrated 
to alter freezing responses in animals. One of the most important individual factors shaping the 
manifestation of the defensive state of animal freezing is anxiety. Rats with a genetic predisposition 
to anxiety have consistently been shown to display more freezing than non-anxious rats (Frank et 
al., 2006). 
Role of HPA-axis in freezing
During stress, the sympathomedullary system is rapidly activated, stimulating the release of 
the neurotransmitters adrenaline and noradrenaline. The sympathetic branch of the ANS and 
associated physiological responses (e.g., increase in heart rate and muscle tone, pupil dilation, 
fight-or-flight responses) are largely regulated by (nor)adrenaline (McCorry, 2007), whereas the 
parasympathetic branch of the ANS, associated freezing, as well as switching between freezing 
and fight-or-flight responses are largely regulated by acetylcholine (Gozzi et al., 2010; van der 
Zee, Roozendaal, Bohus, Koolhaas, & Luiten, 1997). In addition to the sympathomedullary system, 
the HPA-axis is also activated during stress exposure, resulting in the release of corticotrophin-
releasing hormone (CRH), adrenocorticotropin hormone (ACTH), and finally, in the production 
of corticosterone (or cortisol in humans). The HPA-axis has been demonstrated to play an 
important role in the expression of the freezing response, but also in its timely termination. This 
is demonstrated by the evidence that pharmacological stimulation of the HPA-axis resulted in an 
increase in freezing (Corodimas, LeDoux, Gold, & Schulkin, 1994; Sherman & Kalin, 1988). Contrarily, 
blockade of the HPA-axis resulted in a decrease of freezing responses (Kalin, Sherman, & Takahashi, 
1988; Roozendaal, Bohus, & McGaugh, 1996). Furthermore, pharmacological stimulation of the 
HPA-axis also facilitated rodents’ freezing recovery after a shock exposure (Sherman & Kalin, 
1988). Corticosterone is not only essential in the expression of freezing, but also in its normal 
development. This is shown by the fact that removal of the adrenal glands in newborn rats—
resulting in an inability to release corticosterone—impaired freezing. This impairment of freezing 
could be restored by corticosterone administration (Takahashi & Rubin, 1993). Intriguingly, so far 
only one study in human infants showed that endogenous cortisol was positively associated with 
freezing and bradycardia, while no associations were observed for more sympathetically-driven 
fear behaviors (Buss, Davidson, Kalin, & Goldsmith, 2004). 
Role of serotonin in freezing
Many other hormones and peptides are known to influence freezing (i.e., oxytocin, testosterone, 
oestrogen, progesterone, and vasopressin), which also act on other neurotransmitter systems 
involved in the expression of freezing behavior, including dopamine, gamma-aminobutyric acid 
(GABA), and serotonin (Roelofs, 2017). Serotonin in particular has been suggested to play an 
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important role in the expression, timely onset, and termination of animal freezing behavior: release 
of serotonin in the dlPAG and in the rostral ventrolateral medulla inhibits fight-or-flight responses 
(Johnson, Lightman, & Lowry, 2004). Interestingly, endogenous serotonin in these regions seems 
to originate from the dorsal raphe nucleus and the vlPAG, proposing an additional inhibitory 
mechanism of the vlPAG on the dlPAG-driven fight-or-flight output (Johnson et al., 2004). Serotonin 
signaling is regulated by the serotonin transporter 5-HTT, which reuptakes serotonin from the 
extracellular space (Canli & Lesch, 2007). Several animal studies show that the functional deletion 
of 5-HTT by means of mutation or chemical mutagenesis (i.e., resulting in increased extracellular 
serotonin; Homberg et al., 2007) is associated with increased freezing, anxiety, and depressive 
behavior (Carroll et al., 2007; Nonkes, de Pooter, & Homberg, 2012; Wellman et al., 2007), whereas 
a transgenic overexpression of 5-HTT (i.e., resulting in lower extracellular serotonin) is associated 
with decreased freezing, anxiety and depressive behavior (Barkus et al., 2014; Bocchio et al., 2015; 
Line et al., 2011). Serotonergic signaling in humans is affected by a functional polymorphism in the 
gene which encodes the serotonin transporter SLC6A4 (called 5-HTTLPR), which consists of a short 
and a long variant. This results in a differential expression and functioning of 5-HTT, with short-allele 
(S’) carriers—particularly homozygous S’-carriers—showing reduced 5-HTT availability and reduced 
serotonin reuptake compared to homozygous long-allele (L’) carriers (Canli & Lesch, 2007). Human 
S’-carriers have been shown to be at risk for the development of anxious and depressive symptoms, 
particularly when exposed to stressful life events (Canli & Lesch, 2007; Lesch et al., 1996). 
Despite ample evidence of the involvement of these contextual, individual, and psychobiological 
factors in the expression of animal freezing responses, the involvement of these factors in individual 
differences in human freezing responses remains largely unexplored. Several of these factors were 
investigated in relation to human freezing behavior in this dissertation. 
Freezing in humans
Human freezing behavior has frequently been assessed by means of retrospective self-reports 
(Hagenaars et al., 2014). However, more recently methods to objectively quantify human freezing 
responses have been developed. Bodily immobility, assessed by reductions in body sway using 
a stabilometric force platform, combined with a reduction in heart rate has been interpreted as 
the human equivalent of the animal freezing response. Accumulative evidence suggests that a 
passive picture-viewing paradigm with various aversive, highly arousing stimuli can elicit human 
freezing-like behavior (Azevedo et al., 2005; Facchinetti, Imbiriba, Azevedo, Vargas, & Volchan, 2006; 
Hagenaars, Stins, & Roelofs, 2012; Lopes et al., 2009; Stins & Beek, 2007). Even angry faces, which are 
widely considered to embody social threat (Dimberg & Öhman, 1996; Öhman, Lundqvist, & Esteves, 
2001), can elicit increased freezing (Roelofs, Hagenaars, & Stins, 2010). More specifically, exposure 
to such threat cues is associated not only with sympathetic activity, including skin conductance, 
muscle stiffness, and pupil dilation (Hermans et al., 2013; Lang, Bradley, & Cuthbert, 1997), but 
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also with more specific aspects of human freezing, such as body sway and parasympathetically-
driven heart rate reduction (Azevedo et al., 2005; Facchinetti et al., 2006; Hagenaars et al., 2012; 
Hermans et al., 2013; Lopes et al., 2009; Roelofs, Hagenaars, et al., 2010; Stins & Beek, 2007). This 
is in line with extensive work by Lang et al. (1997) that suggests that passive viewing paradigms 
of aversive pictures in humans can mimic animals’ post-encounter stage of threat, with freezing 
as its most dominant defensive response (Fanselow, 1994). That is, during passive picture-viewing, 
the participant is immobile but vigilant and usually no escape is possible (when following 
instructions and social compliance). To date, these objective freezing assessment methods have 
only been applied in adults. This dissertation work builds on these recent innovations by applying 
these objective freezing assessment methods for the first time to a developmental population of 
adolescents, who are generally featured by lower body weight compared to adults. Lower body 
weight may influence the accuracy of assessing subtle changes in individuals’ body sway. Thus, it 
remains to be investigated whether individual differences in freezing behavior can be objectively 
quantified in individuals with lower body weight as well as has been established previously for 
adults (Azevedo et al., 2005; Facchinetti et al., 2006; Hagenaars et al., 2012; Lopes et al., 2009; Roelofs, 
Hagenaars, et al., 2010; Stins & Beek, 2007). 
Individual differences in human freezing, and its relation to 
psychopathology 
Increased freezing
Research into individual differences in human freezing as a function of the experience of adverse 
events and anxiety suggests associations similar to those observed in rodents and primates with 
a history of traumatization and anxiety (Kalin & Shelton, 2003; Qi et al., 2010; Sanders & Knoepfler, 
2008). Stronger freezing reactions (i.e., reductions in heart rate and body sway) in response to 
highly aversive pictures (vs neutral and appetitive ones) were observed in previously traumatized 
individuals, compared to individuals who had experienced no traumatization (Hagenaars et al., 2012). 
Individuals who reported increased immobility during a traumatic event also showed increased 
anxiety symptoms and an increased risk to develop posttraumatic stress symptoms afterwards 
(Bovin, Jager-Hyman, Gold, Marx, & Sloan, 2008). Furthermore, freezing responses to angry faces 
(compared to neutral and happy faces), quantified by heart rate and body sway deceleration, were 
associated with increased levels of self-reported state anxiety (Roelofs, Hagenaars, et al., 2010). State 
anxiety also influenced body sway in a similar way in a different study, which compared frequencies 
of the power spectrum of postural sway in high vs low anxious college students (Wada, Sunaga, 
& Nagai, 2001). In a study with panic disorder patients, a reduction in body sway in response to 
various affective pictures was observed. The extent of this general decrease in body sway was 
associated with self-reported anticipatory anxiety levels (Lopes et al., 2009). Individual differences 
in bodily freezing were also associated with instrumental approach-avoidance decisions (Ly, Huys, 
Stins, Roelofs, & Cools, 2014; Ly et al., 2016): healthy individuals who demonstrated stronger freezing 
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to angry relative to happy faces later showed an avoidance bias during unrelated instrumental 
approach-avoidance actions (Ly et al., 2014). In contrast, aggressive delinquents with psychopathic 
traits displayed no avoidance bias during instrumental actions, suggesting a reduced transfer of 
automatic freezing to instrumental actions (Ly et al., 2016). Thus, increased freezing is associated 
with more complex instrumental actions as well as with increased anxiety and increased risk for the 
development of posttraumatic stress symptoms (Bovin et al., 2008; Kozlowska et al., 2015; Ly et al., 
2014; Roelofs, Hagenaars, et al., 2010). 
Decreased freezing
In contrast to factors associated with increased freezing behavior reported above, recently, studies 
have also discovered factors that were associated with decreased levels of threat-induced freezing. 
Experienced firefighters showed reduced threat-induced freezing—as reflected both in postural 
sway and heart rate—in response to aversive (vs neutral and appetitive) pictures, compared to 
inexperienced firefighters (Ly, Roijendijk, Hazebroek, Tonnaer, & Hagenaars, 2017). Using a similar 
passive picture-viewing paradigm, reduced threat-induced freezing was also observed in patients 
with posttraumatic stress disorder (PTSD; Adenauer, Catani, Keil, Aichinger, & Neuner, 2010; Fragkaki, 
Roelofs, Stins, Jongedijk, & Hagenaars, 2017) and in patients with borderline personality disorder 
compared to healthy controls (Stoffels, Nijs, Spinhoven, Mesbah, & Hagenaars, 2017). 
Taken together, these studies suggest a rather complex relation between primary defensive 
responses such as freezing on the one hand, and psychopathology, particularly, internalizing 
symptoms (described above mainly as PTSD and anxiety), on the other hand. Internalizing symptoms 
commonly describe a group of stress-related and internally directed symptoms, including sad or 
depressed mood, withdrawal, worry, and/or anxiety. As freezing reactions are associated with more 
complex, instrumental approach-avoidance decisions (Ly et al., 2014; Ly et al., 2016), it is crucial to 
increase our understanding of individual differences in freezing, and its role in the development 
of internalizing symptoms. Deviations in this primary defensive reaction may be crucial for the 
development of complex patterns of psychopathology. This understanding can inform us about 
freezing as an important risk vs resilience marker for the development of psychopathology. To 
summarize, freezing in response to acute threat has been suggested to be an adaptive response, 
important for adequate stress coping (Hagenaars et al., 2014). However, when freezing persists 
and prevents flexible responding to environmental changes, it may signal maladaptive stress 
coping, associated with chronic stress symptoms and internalizing disorders (Buss & Larson, 2000; 
Hagenaars et al., 2014; Kozlowska et al., 2015). Simultaneously, absence of or reduced freezing—in 
a context where freezing is a typical response in most individuals—may also reflect maladaptive 
stress coping, which in turn could be related to stress-related psychopathology as well (Adenauer 
et al., 2010; Fragkaki et al., 2017; Stoffels et al., 2017). Based on these findings, the main hypothesis 
of this dissertation was that deviations in freezing reactions increase an individual’s 
vulnerability to develop stress-related symptoms (Figure 3).
Chapter 1  18 | 
Adaptive
S
tr
es
s 
co
pi
ng
Duration of freezing
Figure 3 | This figure illustrates the proposed association between the duration of an individual’s freezing response and an 
individual’s adaptive or maladaptive stress coping. Freezing is generally seen as an adaptive response, facilitating perception, 
action preparation, and risk assessment. In animals, freezing is relatively stable, and it is heritable. Assuming relative stability 
and heritability for human freezing also, stable deviations in an individual’s freezing response—in terms of both decreased and 
increased freezing—may signal maladaptive stress coping. In turn, deviations in freezing may be associated with increased levels of 
stress-related symptoms. Freezing is situation/context dependent. For each situation/context, there should be an optimal freezing 
level, also depending on an individual’s state of well-being and functioning.
Aims of this dissertation
Previous research suggests that deviations in individual freezing responses may be an important 
marker of risk for vs resilience to the development of stress-related symptoms, which form a large 
burden for an individual’s social and emotional well-being as well as on society at large (Hagenaars 
et al., 2014; Kozlowska et al., 2015; Roelofs, 2017). In order to shed light on the role of freezing 
reactions in the development of stress-related symptoms, prospective longitudinal studies are 
needed. To date, prospective longitudinal investigations of objectively quantified freezing 
responses in humans and their role in the development of symptomatology are lacking. 
Therefore, the central aim of my dissertation was to contribute towards solving this 
knowledge gap. Particularly the objective quantification of human freezing behavior gives us the 
opportunity to benefit more directly from animal studies, as freezing responses are operationalized 
in similar ways in animals and humans. Freezing is the major stress and fear outcome measure 
in animal research. Therefore, objective quantification methods are important to facilitate 
translational approaches between animal and human stress research. As shown above, there are 
striking similarities between animal and human freezing responses when we rely on objective 
assessments of human freezing (Hagenaars et al., 2014; Roelofs, 2017). This further highlights the 
need for prospective longitudinal investigations of objectively quantified freezing and its role in 
developing stress-related symptoms in humans. 
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In addition to this central aim, this dissertation contains four sub-goals for increasing our 
understanding of human freezing and its role in the development of stress-related symptoms 
(Figure 4). First, I investigated whether developmental factors early in life, such as a history of infant-
parent attachment insecurity, were associated with human freezing during adolescence (Chapter 
3). Second, I tested the impact of acute stress and related HPA-axis activity on human freezing 
and its association with internalizing symptoms (Chapter 4). Third, I examined the stability of 
human freezing during adolescence (Chapter 5). The fourth and my most important investigation 
was whether early alterations in human freezing, by itself or in interaction with the experience of 
stress, predicted the development of internalizing symptoms during adolescence (Chapter 6). The 
findings of this PhD project—including increased knowledge of the stability of freezing as well as 
the freezing response itself, and, finally, increased knowledge of freezing as a marker of risk for vs 
resilience to the development of stress-related symptoms—are all important for promoting early 
symptom detection and providing more fine-tuned interventions in humans.
Age 1 14 17
Freezing
Attachment Freezing Freezing
STRESS
Internalizing
1
2
3
4
Stress Stress
Stress
ADOLESCENCE
Nijmegen Longitudinal Study
Figure 4 | An overview of the aims of the research projects investigated in Chapters 3, 4, 5, and 6, respectively. 
Aim 1 Association between infant-parent attachment security and adolescent freezing behavior; controlled for stressful 
  experiences.
Aim 2 Impact of acute stress and related hypothalamic pituitary adrenal (HPA)-axis activity on human freezing, and its 
  association with internalizing symptoms. 
Aim 3 Stability of adolescent freezing; modulatory effect by early and current stressful experiences.
Aim 4 Predictive value of infant freezing, by itself or in interaction with stressful experiences, on the development of 
  internalizing symptoms.
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Longitudinal study approach with focus on adolescence
To achieve these aims, I used a unique prospective longitudinal study (the Nijmegen Longitudinal 
Study; NLS; see Box 1) for my PhD project, which assessed the psychological development of 129 
children from infancy into late adolescence (the study still continues, with the participants now having 
reached young adulthood). We have objectively quantified freezing responses of these participants at 
ages 1, 14, and 17 (see Box 2). Mid to late adolescence (here defined as between ages 14 and 17) is a 
critical transition stage, when adolescents encounter many societal challenges, hormonal changes, and 
when there is an increased risk to develop internalizing symptoms (Kessler et al., 2005; McLaughlin & 
King, 2015). The highest-risk period for the onset of internalizing symptoms is between early childhood 
and early adolescence, with a well-documented rise in symptoms during adolescence (Bongers, Koot, 
van der Ende, & Verhulst, 2003; Haltigan, Roisman, Cauffman, & Booth-LaForce, 2016; Leve, Kim, & Pears, 
2005). During this stage, adolescents are most vulnerable to negative affect, social (peer) influences, and 
hormonal changes (Steinberg, 2005). Therefore, the developmental period of adolescence is crucial to 
study individual differences in human freezing response and their relation to symptom development. 
Box 1 | The Nijmegen Longitudinal Study (NLS)
The NLS is a 16-year ongoing study, which began in 1998 with a community-based sample 
of 129 15-months-old infants (52% boys) and their families. Participants were recruited via 
local health-care centers in Nijmegen (the Netherlands) and were representative of the Dutch 
population (van Bakel & Riksen-Walraven, 2002a, 2002b). Since then, the participants were 
followed every one to three years, more specifically, at ages 2.5, 5, 7, 9, 12, 13, 14, 16, and 17. The 
NLS has included detailed assessments during home, school, and laboratory visits—involving 
parents, peers, and teachers—and shows a low attrition rate with 96 of the original participants 
still having participated at age 17. The general goal of this longitudinal study is to investigate 
the development and functioning of children at different ages and how this is influenced 
by interactions with parents and peers. For each of these assessment waves, measures were 
adapted to assess the most relevant abilities and developments at that age. For the website of 
the NLS, see: www.ru.nl/ontwikkelingspsychologie/nls/. 
Overview of the dissertation
Chapter 2 of this dissertation takes a broader perspective and provides a review of the literature on 
freezing and fight-or-flight tendencies in humans and their associations with anxiety and aggression-
related symptoms. This chapter also discusses alterations in the steroid hormones cortisol and 
testosterone which are related to both anxiety and aggression-related symptoms, as well as to altered 
freezing and fight-or-flight tendencies. The chapter ends with a description of future perspectives and 
a research agenda to advance insights into the emerging field of human defensive stress responses. 
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For the following chapters, we used data from the participants of the Nijmegen Longitudinal Study 
(see also Box 1 and 2, as well as Figure 4). In Chapter 3 (Aim 1), we investigated prospectively whether 
a history of infant-parent attachment insecurity was associated with human freezing in response to 
social threat later during adolescence. Research in rodents and primates has consistently shown 
that the experience of early life stress can result in dramatic changes in an animal’s defensive stress 
reactions, including amplified freezing, life-long anxious and avoidant behavior, and maladaptive 
stress coping (Caldji, Diorio, & Meaney, 2000; Haller, Harold, Sandi, & Neumann, 2014; Harlow, 1962; 
Menard et al., 2004; Sanders & Knoepfler, 2008). However, little is known about these relations in 
humans. In the study of this chapter, the freezing response was assessed in 14-year-old adolescents 
using posturographic and electrocardiographic measurements to detect changes in an individual’s 
body sway and heart rate during emotional face-viewing (see Box 2). To assess whether there was 
a unique relation of early infant-parent attachment insecurity with adolescent freezing, we also 
controlled for the effects of later adverse events, including stressful life events and poor quality of 
parental behavior. Additionally, we explored whether observed freezing-like behavior in adolescents 
was related to state anxiety as was previously found in adults (Roelofs, Hagenaars, et al., 2010). 
In Chapter 4 (Aim 2), we examined the impact of social and physical stress on human freezing 
behavior. More specifically, we investigated (i) whether acute stress can induce human freezing, 
(ii) whether HPA-axis activity—expressed as both basal and reactive cortisol—is associated 
with a reactive freezing pattern (i.e., immediate increases in stress-induced freezing followed by 
successful recovery), and (iii) whether decreased freezing recovery is associated with increased 
levels of internalizing symptoms. To assess adolescent freezing behavior, we employed the 
freezing assessment paradigm (see Box 2), but this time, also in relation to a standardized stress 
induction procedure. The assessment of freezing behavior at different time points before and after 
a standardized stress induction procedure allowed us to study the temporal dynamics of immediate 
stress-induced freezing response and its recovery one hour after stress. It also enabled us to 
investigate individual differences in immediate stress-induced freezing and its recovery in relation 
to HPA-axis functioning and internalizing symptomatology. 
Chapter 5 (Aim 3) investigated the stability of human freezing responses to social threat from mid 
to late adolescence. Freezing in animals is relatively stable and heritable, but at the same time, it 
is also sensitive to stress, in order to allow successful adapting to environmental changes (Rogers 
et al., 2008). In humans, it remains relatively unknown whether freezing reflects a stable defensive 
stress response and to what extent it is influenced by the experience of stressful circumstances. 
Therefore, we tested whether individual differences in freezing in response to social threat assessed 
at age 14 were positively associated with the same freezing assessment at age 17 (Box 2). We also 
investigated the effect of early and current life stress on both freezing assessments as well as on 
their proposed association. 
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At age 14, participants’ freezing behavior was 
assessed during an emotional face-viewing 
paradigm. Participants were asked to stand 
quietly on a stabilometric force platform, while 
passively looking at different facial emotional 
expressions of happy, angry, and neutral faces 
(Figure 5). Electrocardiography was assessed 
simultaneously, to detect changes in heart 
rate. Based on previous literature (Roelofs, 
Hagenaars, et al., 2010), freezing behavior was 
quantified as a reduction in heart rate and 
body sway in response to angry (compared 
to happy or neutral) faces. At age 17, we 
repeated this same freezing assessment, 
but this time before, immediately after, and 
approximately one hour after a standardized 
stress induction procedure.
Figure 5 | Measurement set-up of human freezing during 
adolescence. 
Box 2 | How did we measure human freezing?
We measured an individual’s freezing response at three time points in a prospective longitudinal 
study (i.e., the Nijmegen Longitudinal Study, see Box 1). 
Freezing at age 1
At age 1, we assessed infant freezing behavior in response to a robot confrontation using an 
observation method (coding of video recordings). Similar as in rodent and primate research, 
freezing of human infants was coded as the duration (≥ 3 secs) that an infant showed a marked 
decrease in activity with little or no bodily movement (Buss et al., 2004) along with the absence 
of any vocalization (Kalin & Shelton, 1989).
Freezing during adolescence (ages 14 and 17)
In Chapter 6 (Aim 4), we tested prospectively whether and how deviations in infant freezing 
could predict the development of internalizing symptoms from childhood into late adolescence. 
Infant freezing behavior was assessed during a robot confrontation paradigm (Box 2). Internalizing 
symptoms were assessed using both parent- and self-report questionnaires at various ages from 
childhood to late adolescence. As it has been suggested that an individual’s vulnerability, expressed 
as altered infant freezing, leads to internalizing symptoms, particularly when the individual is 
confronted with stressful life circumstances (e.g., Zuckerman, 1999), we also investigated whether 
stress with parents and/or peers could moderate the proposed association between alterations in 
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infant freezing and the development of internalizing symptoms. Lastly, given the role of serotonin 
in the timely onset and termination of freezing in animals (Johnson et al., 2004), we conducted 
exploratory analyses to examine whether individuals carrying internalizing-risk alleles of the variant 
5-HTTLPR also had altered freezing responses as infants. 
Finally, Chapter 7 provides a summary of the findings reported in this dissertation, a general 
discussion, and future perspectives. 
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Abstract
Alterations in primary freeze and fight-or-flight reactions in animals have been associated with 
increased vulnerability to develop anxious or aggressive symptomatology. Despite the potential 
relevance of these primary defensive responses for human stress coping, they are still largely 
unexplored in humans. The present paper reviews recent evidence suggesting that individual 
differences in primary defensive stress responses in humans are associated with individual differences 
in anxiety and aggression. In addition, we discuss (neuro)endocrine systems that may underlie 
increased freezing and flight behavior in anxiety and increased fight tendencies in aggression-related 
disorders. We conclude with a research agenda for the study of human defensive stress responses as 
potential behavioral markers for stress-related disorders, including anxiety and aggression.
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 2The defensive cascade of freeze and fight-or-flight (FFF) responses plays a crucial role in the way various species cope with threat. Freezing—a stage of attentive immobility—is characterized 
by bodily immobility and heart rate deceleration (Fanselow, 1984; Schenberg et al., 1993) which 
together allow for an active preparation for optimal fight-or-flight actions (i.e., attacking or avoiding 
the predator; Kozlowska et al., 2015; Mobbs, Hagan, Dalgleish, Silston, & Prevost, 2015; Öhman & 
Wiens, 2002). Individual differences in animal freezing responses remain relatively stable throughout 
development (Fox, Shelton, Oakes, Davidson, & Kalin, 2008; Qi et al., 2010). Research in rodents and 
primates suggests that increased freezing and flight behavior is associated with heightened stress 
susceptibility, increased activity in stress hormones (i.e., norepinephrine and cortisol; corticosterone 
in rodents) and stress-related brain systems, as well as with maladaptive stress coping later in life (Fox 
et al., 2008; Kalin & Shelton, 2003; Landgraf & Wigger, 2002, 2003). Therefore, increased freezing and 
flight reactions are considered an anxious intermediate phenotype that—similar to the stable anxious 
temperament of behavioral inhibition in humans (Hirshfeld et al., 1992)—constitutes an important 
risk factor for the development of anxiety-related phenotypes (Kalin & Shelton, 2003). While anxiety 
is associated with high cortisol and low testosterone concentrations (Razzoli et al., 2006; Sapolsky, 
1990; Virgin & Sapolsky, 1997), aggressive phenotypes have been associated with high testosterone 
and low cortisol concentrations in animals (Gleason, Fuxjager, Oyegbile, & Marler, 2009; Muller & 
Wrangham, 2004; Sapolsky, 1990; Virgin & Sapolsky, 1997). So, in animal research FFF responses 
and their association with symptomatology are well established, in particular with anxiety-related 
symptoms. However, despite their potential relevance for human stress coping and psychopathology, 
individual differences in FFF tendencies remain largely unexplored in human studies (see also Box 
1; Hagenaars et al., 2014). The importance of investigating human FFF tendencies has recently been 
highlighted in the clinical context, where defensive stress responses were consistently observed in 
traumatized patients (Kozlowska et al., 2015) and where freezing during trauma exposure appeared 
to be predictive of the development of posttraumatic stress disorder (Bovin et al., 2008).
Accordingly, the aim of the present paper is to review the literature on FFF tendencies in humans 
and their association with anxiety and aggression-related symptomatology. In addition, we discuss 
alterations in the steroid hormones cortisol and testosterone that are associated with both anxiety 
and aggression-related symptoms as well as with altered FFF tendencies. Finally, we describe future 
perspectives, and end with a research agenda to advance insights into this emerging field of human 
defensive stress responses. 
Freeze-Fight-Flight (FFF)
The expression of FFF tendencies is shaped by both the sympathetic and parasympathetic 
branches of the autonomic nervous system (ANS). During threat exposure both the sympathetic 
and parasympathetic branches of the ANS are activated. However, while sympathetic dominance 
facilitates active fight-or-flight responses, parasympathetic dominance facilitates freezing responses 
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by serving as a "break" on the activated system (Fanselow, 1994). Freezing is most likely to occur when 
the threat is still at a distance (Blanchard et al., 1986; Fanselow, 1994). It is thought to optimize the 
animal’s attentional processes serving the selection and preparation of appropriate sympathetically 
dominated fight-or-flight responses to cope with threat (Blanchard et al., 2011; Duan et al., 1996; 
Öhman & Wiens, 2002). Also in humans, exposure to threat cues—like aversive pictures or threat 
Box 1 | The value of assessing Freeze-Fight-Flight (FFF) tendencies in humans. 
Traditionally, FFF tendencies were measured using self-report questionnaires. Additional 
objective quantification of human FFF tendencies may be promising for further advancement 
of insights in human adaptive and maladaptive stress responses: 
•  FFF responses to stress and their neuroendocrine mechanisms can be conceptualized as 
intermediate phenotypes that help to bridge the gap between genotypes and observable 
phenotypes (Kalin & Shelton, 2003). In general, intermediate phenotypes are more stable 
and more heritable than subjective self-reports (Gottesman & Gould, 2003). Although 
stability and heritability of FFF tendencies still need to be determined for humans, they 
have been demonstrated for several nonhuman species (Fox et al., 2008; Koolhaas, 2008; 
Koolhaas et al., 1999; Qi et al., 2010).
•  FFF responses to stress reflect dynamic changes to the environment and have been shown 
to be sensitive to contextual changes and life events (Hagenaars et al., 2012; Imanaka et 
al., 2006).
•  Psychophysiological and behavioral indices of FFF tendencies can be measured 
continuously by time scales ranging from milliseconds to hours, thus allowing the study 
of the temporal dynamics of freezing and fight-or-flight reactions at various time scales 
(Gladwin et al., 2016; Niermann, Figner, Tyborowska, et al., 2017). 
•  FFF tendencies capture unique variance in explaining social and affective behaviors. For 
example, a behavioral measure of avoidance was more sensitive in differentiating highly 
anxious individuals from non-anxious controls than a self-report measure (Heuer, Rinck, & 
Becker, 2007; Lange, Keijsers, Becker, & Rinck, 2008), and was better in predicting clinical 
treatment outcomes in anxiety patients compared to self-reported pre-treatment anxiety 
levels (Davies, Niles, Pittig, Arch, & Craske, 2015). 
•  FFF tendencies provide behavioral markers for the etiology of social and affective 
symptoms in humans and nonhuman animals (Bovin et al., 2008; Kalin & Shelton, 2003; 
Kozlowska et al., 2015).
•  Being able to objectively quantify FFF tendencies in humans gives us the opportunity 
to benefit more directly from insights from animal research where FFF tendencies are 
major outcome measures (Hagenaars et al., 2014), as well as to facilitate animal-to-human 
translational research.
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 2of shock—has been associated not only with sympathetic activity such as pupil dilation and skin conductance (Hermans et al., 2013; Lang et al., 1997), but also with heart rate deceleration (which 
is one of the clearest indications of parasympathetic dominance over sympathetic activity; Gladwin 
et al., 2016; Hermans et al., 2013; Lang et al., 1997). Recent attempts to relate heart rate deceleration 
to posturographic measures in humans showed that heart rate deceleration in response to aversive 
pictures was indeed associated with reductions in body sway measured by using a stabilometric 
force platform (Azevedo et al., 2005; Hagenaars et al., 2012; Roelofs, Hagenaars, et al., 2010). 
Using similar posturographic and electrocardiographic methods, increased freezing was shown in 
participants who were more anxious or had been previously traumatized (Hagenaars et al., 2012; 
Roelofs, Hagenaars, et al., 2010). In addition, a prospective study in adolescents with a history of 
insecure infant-parent attachment showed increased freezing at age 14 (Niermann et al., 2015). 
Another recent study suggested that aggressive behavior is associated with a specific freezing 
pattern: highly aggressive participants (compared to participants with lower levels of aggression) 
initially showed less freezing in response to threatening opponents, whereas they showed more signs 
of freezing shortly before they needed to initiate a fight response (Gladwin et al., 2016). Individual 
differences in bodily freezing have also been shown to be related to instrumental approach-avoidance 
decisions (Ly et al., 2014; Ly et al., 2016): healthy individuals with stronger freezing responses to angry 
vs happy faces showed an avoidance bias during subsequent but unrelated instrumental approach-
avoidance actions (Ly et al., 2014). Interestingly, aggressive delinquents with psychopathic traits 
showed no such avoidance bias during instrumental actions, implying reduced transfer of automatic 
FFF tendencies to instrumental actions (Ly et al., 2016). Together, these findings suggest that 
humans, just like animals, show threat-induced freezing behavior, that freezing affects more complex 
instrumental behavior, and that individual differences exist corresponding to decreased freezing in 
aggression and increased freezing in anxiety.
Not only parasympathetically dominated freezing, but also sympathetically dominated fight-or-flight 
reactions have been differentially associated with anxiety and aggression. Flight reactions can be seen 
as active avoidance behavior aiming at preventing or minimizing contact with an acute threatening 
cue or situation (American Psychiatric Association, 2013; Boissy, 1995). Avoidance behavior has 
been recognized as one of the most important maintenance factors in anxiety (Hofmann, 2007), 
hampering fear extinction and even enhancing fear (Hofmann, 2007; Sloan & Telch, 2002; Volders, 
Meulders, de Peuter, Vervliet, & Vlaeyen, 2012; Wells et al., 1995). A useful tool for objectively and 
implicitly assessing active avoidance tendencies in humans is the approach-avoidance task. In this 
task, participants either approach or avoid appetitive and threatening stimuli (e.g., happy and angry 
faces, respectively), using full body movements, or manually using a handle or a joystick. Typically, 
participants are faster to approach (than avoid) appetitive stimuli and faster to avoid (than approach) 
threatening ones. Highly socially anxious individuals avoided emotional faces more strongly than 
neutral ones (Heuer et al., 2007; Roelofs, Putman, et al., 2010). In a related study using the same 
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paradigm, higher vigilance ratings in patients with posttraumatic stress disorder were associated 
with stronger avoidance tendencies to trauma-related stimuli (Wittekind et al., 2015). Interestingly, 
on similar approach-avoidance tasks, patients diagnosed with psychopathy showed an absence of 
avoidance behavior to socially threatening stimuli (von Borries et al., 2012) and participants high 
on reactive aggression displayed an approach tendency to fighting scenes (Lobbestael, Cousijn, 
Brugman, & Wiers, 2016). Together, these studies suggest that anxiety is associated with increased 
freezing and flight tendencies, whereas aggression is associated with facilitated approach actions 
that may signal fight tendencies (Lobbestael et al., 2016; von Borries et al., 2012). 
Steroid regulation of anxiety and aggression
Activity in the hypothalamic pituitary gonadal (HPG)-axis and the hypothalamic pituitary adrenal 
(HPA)-axis and their respective steroid hormones testosterone and cortisol (corticosterone in 
rodents) are important for the regulation of social and emotional behavior in humans and nonhuman 
animal species (Sapolsky, 1990; van Honk, Terburg, & Bos, 2011; Volman, Toni, Verhagen, & Roelofs, 
2011). These endocrine axes have been shown to have mutually antagonistic properties in animals 
(Viau, 2002). Whereas socially submissive (fearful and avoidant) behavior is typically associated with 
elevated cortisol and low testosterone concentrations (Razzoli et al., 2006; Sapolsky, 1990; Virgin & 
Sapolsky, 1997), socially dominant and aggressive behavior has been widely associated with elevated 
testosterone and low cortisol concentrations in animals (Gleason et al., 2009; Muller & Wrangham, 
2004; Sapolsky, 1990; Virgin & Sapolsky, 1997). In humans, individuals with high social anxiety also 
show high reactive cortisol levels and low basal testosterone concentrations (Condren, O’Neill, Ryan, 
Barrett, & Thakore, 2002; Giltay et al., 2012; Roelofs, van Peer, et al., 2009), whereas aggressive and 
dominant individuals show high basal testosterone and low basal cortisol levels (Mehta & Josephs, 
2010; Popma et al., 2007). Hence, both anxiety and aggression-related disorders seem to be featured 
by an HPA-HPG imbalance, though in opposite directions (see Figure 1 for a schematic representation). 
Recent theories have added yet another factor contributing to the HPA-HPG imbalance in aggression: 
according to the triple imbalance theory of reactive aggression (van Honk, Harmon-Jones, Morgan, 
& Schutter, 2010), the effects of a high testosterone-cortisol ratio that biases the amygdala towards 
threat approach, are amplified by reduced serotonin transmission. Low serotonin transmission 
is thought to be associated with reduced frontal control over the amygdala, thereby increasing 
the risk for aggressive outbursts (Montoya, Terburg, Bos, & van Honk, 2012; van Honk et al., 2010). 
Although this theory still needs to be tested in humans, there is indeed evidence from genetic 
and pharmacological studies in humans and animals suggesting that the relation between steroid 
hormone function and social behavior varies as a function of serotonin (Flügge, Kramer, Rensing, & 
Fuchs, 1998; Josephs et al., 2012; Kuepper et al., 2010). Accordingly, one could argue that in anxiety 
disorders—also associated with reduced serotonin transmission—reduced frontal control over the 
amygdala could similarly amplify pre-potent action tendencies. In the case of anxiety, however, 
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Figure 1 | Schematic presentation of the proposed relations between steroid hormones, defensive stress responses, and social 
and affective psychopathology (i.e., anxiety and aggression): stressful life events can interact throughout life with genetic factors to 
determine activity of the hypothalamus pituitary adrenal axis and the hypothalamus pituitary gonadal axis, resulting in the release 
of cortisol (C) and testosterone (T), respectively. An imbalance in these steroid hormones as well as genetic and environmental 
factors may affect the expression of primary defensive Freeze-Fight-Flight (FFF) responses to stress, alterations which may contribute 
to social and affective psychopathologies. More specifically, a steroid imbalance of high cortisol and low testosterone may affect 
the expression of defensive freezing and flight tendencies, potentially serving as an intermediate phenotype for anxiety, whereas 
a steroid imbalance in the opposite direction—low cortisol and high testosterone—may affect the expression of fight tendencies, 
potentially serving as an intermediate phenotype for aggression. 
reduced serotonin transmission would not amplify approach, but rather avoidance behavior, 
thereby enhancing effects resulting from high cortisol and low testosterone levels on the amygdala 
(Cremers & Roelofs, 2016). Indeed the short allele of the serotonergic transporter gene (5-HTTLPR 
gene)—a polymorphism that codes for reduced serotonin transporter availability and reduced 
serotonin reuptake—has been associated with reduced frontal-amygdala coupling during exposure 
to emotional faces (Pezawas et al., 2005; Volman et al., 2013), and with increased risk of developing 
social and affective psychopathologies—such as anxiety—particularly after experiencing stressful 
life events (Canli & Lesch, 2007). Based on these observations, we propose that it may be worthwhile 
for future studies to investigate serotonin-steroid hormone interactions, not only in relation to 
aggression, but also in anxiety disorders. 
Steroid regulation of Freeze-Fight-Flight (FFF) 
The HPA-axis plays a crucial role in the expression of defensive freezing, which is supported by 
various pharmacological studies in rodents. Stimulation as well as blockage of the HPA-axis has been 
shown to respectively increase or decrease rodents’ freezing behavior (Corodimas et al., 1994; Kalin et 
al., 1988; Roozendaal et al., 1996). Furthermore, removal of the adrenal glands disrupted the activity 
of the rodents’ HPA-axis and freezing responses, while daily administration of corticosterone restored 
adaptive freezing responses to threat in these same rodents (Takahashi & Rubin, 1993). Although the 
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association between freezing and HPA-axis activity is well established in nonhuman animal species 
(Corodimas et al., 1994; Kalin et al., 1988; Roozendaal et al., 1996; Takahashi & Rubin, 1993), this 
association remains largely unexplored in humans. The few existing studies are suggestive of similar 
associations in humans, though: children’s increased freezing behavior in response to a low-threat 
situation (a stranger approaches the child) has been associated with both increased basal and reactive 
cortisol levels (Buss et al., 2004). In a related study, decreased levels of basal endogenous cortisol 
were recently found to be associated with a specific freezing pattern in response to a standardized 
stress induction procedure, such that individuals with lower levels of basal cortisol showed reduced 
immediate stress-induced freezing as well as reduced freezing recovery approximately 1 hour after 
acute stress (Niermann, Figner, Tyborowska, et al., 2017). Interestingly, reduced freezing recovery 
also acted as a mediator in an indirect path going from lower basal cortisol via reduced freezing 
recovery to increased levels of internalizing symptoms. This suggests that reduced freezing recovery 
might serve as a potential marker for the etiology of internalizing symptoms (Niermann, Figner, 
Tyborowska, et al., 2017).
Not only freezing but also avoidance and flight behavior have been associated with HPA-axis activity. 
Stress-induced cortisol as well as cortisol administration enhanced avoidance behavior towards 
angry faces on an approach-avoidance task in highly socially anxious and avoidant individuals 
(Roelofs, van Peer, et al., 2009; van Peer et al., 2007). In contrast, testosterone administration 
diminished threat avoidance tendencies towards angry faces and promoted relative threat 
approach tendencies towards angry faces in healthy controls and in patients with social anxiety 
disorder (Enter, Spinhoven, & Roelofs, 2014, 2016). Recent fMRI studies—using similar approach-
avoidance tasks with happy and angry faces—have shown that the control over approach-
avoidance tendencies crucially involves the anterior prefrontal cortex (aPFC) and its connections 
with the amygdala (Volman, Roelofs, Koch, Verhagen, & Toni, 2011; Volman et al., 2013): the aPFC is 
particularly active when people have to override their action tendencies (i.e., in affect-incongruent 
conditions where they are instructed to approach an angry face or to avoid a happy face; Roelofs, 
Minelli, Mars, van Peer, & Toni, 2009). Furthermore, elevated endogenous testosterone levels have 
been associated with reduced negative functional connectivity between the aPFC and the amygdala 
when individuals had to control their action tendencies (again, in affect-incongruent conditions of 
the approach-avoidance task; Volman, Toni, et al., 2011). The dynamics of this prefrontal-amygdala 
crosstalk may be distorted in individuals with social psychopathologies. For example, individuals 
with psychopathy (compared to healthy controls) showed reduced aPFC activity and less aPFC-
amygdala coupling when controlling approach-avoidance actions. This pattern was predominantly 
observed in psychopaths with elevated levels of endogenous testosterone (Volman et al., 2016). 
This set of studies is consistent with the idea that a pattern of high testosterone and low cortisol 
is associated with aggression-related phenotype (i.e., approach or fight behavior), whereas 
the opposite pattern—low testosterone and high cortisol—is associated with anxiety-related 
phenotype (i.e., avoidance or flight behavior). 
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 2Interestingly, similar reductions in aPFC-amygdala connectivity during approach-avoidance control have been observed in short allele carriers (S-carriers) of the 5-HTTLPR gene (Volman et al., 2013). 
When S-carriers had to exert control over their approach-avoidance action tendencies, they showed 
increased amygdala activity in response to emotional faces (Volman et al., 2013), replicating 
previous studies (Canli, Congdon, Todd Constable, & Lesch, 2008; Canli & Lesch, 2007; Hariri et al., 
2002). Most importantly, dynamic causal modeling analyses indicated a decreased pattern of down-
regulation of the amygdala by the aPFC in S-carriers (Volman et al., 2013). In line with the differential 
susceptibility hypothesis (Belsky & Pluess, 2009), such an intermediate phenotype may form a risk 
marker for poor control over approach-avoidance actions when the system is challenged by adverse 
events: several prospective longitudinal studies have indicated that S-carriers have an increased 
risk of developing psychopathology following the experience of adversity (Brett et al., 2015; Caspi 
et al., 2003; Kumsta et al., 2010). In addition, both human and animal research shows that stressful 
life events can have long-lasting effects on the activity of the HPA and HPG-axes (Ellis & Garber, 
2000; Loman & Gunnar, 2010; Sandi & Haller, 2015; Toufexis, Rivarola, Lara, & Viau, 2014). Together, 
these results suggest that gene-environment interactions may result in altered primary defensive 
responses and the associated neuroendocrine patterns. These altered primary defensive stress 
responses may in turn affect the risk of developing psychopathologies (see Figure 1 for a tentative 
model). Such a gene-environment interaction model has often been proposed to explain complex 
symptoms such as aggression and anxiety, with mixed results (Dick, 2011; Gordon & Hen, 2004; 
Moffitt, 2005; Munafo, Durrant, Lewis, & Flint, 2009). On the basis of this review, we propose to apply 
such a model to the intermediate phenotypes of primary defensive reactions (FFF tendencies), 
which are less complex and easier to objectively quantify compared to complex symptomatology. 
In addition, we propose to investigate primary FFF tendencies in interaction with steroid hormones. 
Future perspectives
There is a great need for prospective longitudinal research to investigate whether altered primary FFF 
tendencies may indeed serve as an important risk marker for psychopathology. These longitudinal 
investigations should focus particularly on vulnerable groups (e.g., police officers, firefighters, and 
adolescents) who have an increased vulnerability for developing stress-related behavioral problems 
such as anxiety and aggression. 
Moreover, future research should investigate moderating (e.g., genetic) and mediating (e.g., 
epigenetic) factors that may explain the association between defensive stress responses and 
psychopathology. Our schematic presentation of some proposed relations (Figure 1) should not be 
considered comprehensive, but is purely illustrative, to guide future research towards factors that 
may contribute to altered primary FFF responses. Individual differences in serotonin-related genes 
might be a potential candidate (Brett et al., 2015; Caspi et al., 2003; Kumsta et al., 2010; Pezawas 
et al., 2005; Volman et al., 2013) worth exploring, because the neurotransmitter serotonin plays 
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a crucial role in the regulation of social and emotional processes (Canli & Lesch, 2007). However, 
catecholaminergic neurotransmitter systems (e.g., dopamine [Enter, Colzato, & Roelofs, 2012] and 
norepinephrine [Nijsen et al., 2000]) as well as other hormones and peptides (e.g., oxytocin; Gozzi et 
al., 2010) also play an important role in social emotional and stress systems and in the shift to fight 
and flight behavior (Gozzi et al., 2010). Future research should therefore investigate their role in FFF 
tendencies as well. 
Future research is also needed to disentangle the complex interplay between the HPA-axis and the 
HPG-axis in relation to serotonin and anxiety/aggression. Although known sex differences exist 
regarding the activity of the HPA and HPG-axes and the occurrence of anxiety and aggression, we 
suggest that the proposed relations (Figure 1) can guide future research towards factors that may 
be involved in the expression of FFF responses in both sexes. 
Finally, more research is needed to define and clarify the precise role of freezing in the defensive 
cascade in exposure to threat. Freezing is both classified as a stage of action preparation and of 
risk assessment, potentially being important for adequate decision making in response to threat 
(Blanchard et al., 2011; Gladwin et al., 2016). As a result, freezing can be qualified as an adaptive 
response. However, it has recently been suggested that freezing responses may be impaired, for 
example, in clinical populations with posttraumatic stress disorder (Fragkaki et al., 2017; Fragkaki, 
Stins, Roelofs, Jongedijk, & Hagenaars, 2016) and that immediate stress-induced freezing is not 
related to internalizing symptoms but instead, reduced freezing recovery is (Niermann, Figner, 
Tyborowska, et al., 2017). Future research is needed to clarify and specify the dynamics of adaptive 
freezing responses. 
Conclusions
The reviewed literature suggests that FFF responses combined with (neuro)endocrine stress 
responses are promising markers for the etiology of various social and affective psychopathologies. 
Altered FFF responses may represent a transdiagnostic intermediate phenotype underlying several 
stress-related symptomatologies. Increased freezing and flight behavior, as well as elevated cortisol 
and reduced testosterone concentrations characterize anxiety-related symptomatology (Bovin et 
al., 2008; Condren et al., 2002; Cremers & Roelofs, 2016; Giltay et al., 2012; Heuer et al., 2007; Lange et 
al., 2008; Niermann, Figner, Tyborowska, et al., 2017; Roelofs, Hagenaars, et al., 2010; Roelofs, Putman, 
et al., 2010; Roelofs, van Peer, et al., 2009; van Peer et al., 2007; Wittekind et al., 2015). In contrast, 
increased fight tendencies, as well as elevated testosterone and reduced cortisol concentrations are 
associated with aggression-related disorders (Gladwin et al., 2016; Lobbestael et al., 2016; Ly et al., 
2016; Mehta & Josephs, 2010; Montoya et al., 2012; Popma et al., 2007; van Honk et al., 2010; Volman 
et al., 2016; von Borries et al., 2012). However, to date, we have only just started to investigate the 
role of these defensive stress responses in human psychopathology. 
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Abstract
Early life stress, particularly maternal deprivation, is associated with long-lasting deviations in 
animal freezing responses. Given the relevance of freezing for stress coping, translational research is 
needed to examine the relation between insecure infant-parent attachment and bodily freezing-like 
behavior in humans. Therefore, we investigated threat-related reductions in body sway (indicative of 
freezing-like behavior) in 14-year-old adolescents (N = 79), for whom attachment security was earlier 
assessed in infancy. As expected, insecure (vs secure) attachment was associated with less body 
sway for angry vs neutral faces. This effect remained when controlling for intermediate life events. 
These results suggest that the long-lasting effects of early negative caregiving experiences on the 
human stress and threat systems extend to the primary defensive reaction of freezing. Additionally, 
we replicated earlier work in adults, by observing a significant correlation (in adolescents assessed 
as securely attached) between subjective state anxiety and reduced body sway in response to angry 
vs neutral faces. Together, this research opens venues to start exploring the role of freezing in the 
development of human psychopathology.
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Freezing is a major defensive stress response in animals. It is characterized by reduced body motion 
and by decreased heart rate (Fanselow, 1984; Schenberg et al., 1993). Upon encounter of threat, 
the parasympathetically-driven freezing reaction facilitates fast risk assessment. It promotes hyper-
vigilance for environmental cues that in turn optimizes subsequent sympathetically-driven fight-or-
flight actions (Lang et al., 1997). Freezing is therefore considered as generally adaptive and necessary 
for adequate stress coping. However, exacerbated freezing can also negatively influence the 
development and functioning of the individual (Bovin et al., 2008). For example, amplified freezing 
has been observed in animals and humans with a history of anxiety and traumatization (Hagenaars 
et al., 2012; Qi et al., 2010; Roelofs, Hagenaars, et al., 2010; Sanders & Knoepfler, 2008). In addition, 
it has been found to enhance the chance of later psychopathology (Bovin et al., 2008). Research in 
rodents and primates has shown that the experience of early life stress, such as postnatal separation 
from the animal’s mother or low levels of maternal licking and grooming in rats, can result in dramatic 
changes in these defensive stress reactions. Early negative caregiving experiences have specifically 
been associated with exacerbated freezing, life-long anxious or avoidant behavior, and maladaptive 
stress coping in rodents and primates (Caldji et al., 2000; Haller et al., 2014; Harlow, 1962; Lukkes 
et al., 2009; Menard et al., 2004; Sanders & Knoepfler, 2008). In humans less is known about these 
relations. The main goal of the present longitudinal investigation was to test prospectively whether 
infant-parent attachment is related to freezing behavior in humans during adolescence.
Longitudinal research in humans has identified insecure infant-parent attachment—associated 
with insensitive caregiving—as a potent risk factor for negative developmental outcomes, 
including emotional disorders such as anxiety and aggression (Burgess, Marshall, Rubin, & Fox, 
2003; Colonnesi et al., 2011; Groh, Roisman, van IJzendoorn, Bakermans-Kranenburg, & Fearon, 
2012; Renken, Egeland, Marvinney, Mangelsdorf, & Sroufe, 1989; Shamir-Essakow, Ungerer, & Rapee, 
2005; Smeekens, Riksen-Walraven, & van Bakel, 2007b; Warren, Huston, Egeland, & Sroufe, 1997). 
Accordingly, the human early life stress model (Loman & Gunnar, 2010) predicts that insecure 
infant-parent attachment can potentially lead to increased defensive responses such as freezing in 
humans. Particularly in the first years of life, when the developing threat and stress systems are most 
plastic and open to modifications by experience, elevated levels of chronic stress, which are likely 
experienced by insecurely attached infants, may lead to an overly reactive stress response system 
and a hypersensitive threat-appraisal system. In turn, this may bias the threat system to rapidly 
orchestrate exaggerated defensive behaviors, such as exaggerated freezing. In contrast, secure 
infant-parent attachment, reflecting a history of sensitive and responsive caregiving (Susman-
Stillman, Kalkoske, & Egeland, 1996), is thought to buffer against those amplified stress reactions 
(Loman & Gunnar, 2010).
In light of the potential importance of maladaptive defensive freezing behavior for human 
psychopathology, new methods have been developed to objectively assess bodily freezing in 
humans during passive picture-viewing. By making use of various physiological measures, Lang 
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et al. (1997) was one of the first to show in humans that passive viewing paradigms of aversive 
pictures can mimic animals’ post-encounter stage of threat, where freezing is the most prominent 
defensive response (Bradley, Codispoti, Cuthbert, & Lang, 2001; Fanselow, 1994). Later, actual 
posturographic analyses, using a stabilometric force platform, confirmed that viewing of aversive 
(vs neutral and appetitive) stimuli could induce significant reductions in body sway as well as heart 
rate and reduction in body sway has been introduced as a proxy to operationalize freezing-like 
behavior in humans (Azevedo et al., 2005; Facchinetti et al., 2006; Hagenaars et al., 2012; Lopes et al., 
2009; Roelofs, Hagenaars, et al., 2010; Stins & Beek, 2007). Using these methods, retrospective self-
reported experiences of aversive life events were found to be associated with increased freezing-like 
behavior (Hagenaars et al., 2012). However, it remains unstudied whether insecure infant-parent 
attachment is associated with increased freezing later in life in humans. 
The present prospective longitudinal study was designed to examine this relation between quality 
of infant-parent attachment in infancy and freezing-like behavior in adolescence. We measured 
freezing in 14-year-old adolescents who are part of the Nijmegen Longitudinal Study and for whom 
the security of infant-parent attachment had been assessed when they were 15 months old (see van 
Bakel & Riksen-Walraven, 2002b). Based on animal work, we predicted that adolescents classified as 
insecurely attached at 15 months of age, compared to adolescents previously classified as securely 
attached, would show increased freezing-like behavior in response to social threat, operationalized 
by angry vs neutral faces (Roelofs, Hagenaars, et al., 2010). Angry faces are widely considered to 
symbolize social threat (Dimberg & Öhman, 1996; Öhman et al., 2001) and have been shown to elicit 
behavioral, psychophysiological, and neural responses characteristic of a threatening situation, such 
as increased freezing (Roelofs, Hagenaars, et al., 2010), startle responses (Anokhin & Golosheykin, 
2010), pupil dilation (Kret, Roelofs, Stekelenburg, & de Gelder, 2013), skin conductance (Clark, Siddle, 
& Bond, 1992), and amygdala reactivity (Hermans, Ramsey, & van Honk, 2008; Whalen et al., 2001). 
To assess whether there is a unique relation for early infant-parent attachment, we additionally 
controlled for the effects of later adverse events, including stressful life events and poor quality of 
parental behavior. Finally, we explored whether the observed freezing-like behavior in adolescents 
is related to state anxiety as was previously found in adults (Roelofs, Hagenaars, et al., 2010).
Method
Participants
The participants of the current study were recruited as part of the Nijmegen Longitudinal Study. This 
longitudinal study started in 1998 with a community-based sample of 129 children at 15 months of 
age (van Bakel & Riksen-Walraven, 2002a) and was regularly followed since then. The families were 
recruited via local health care centers in Nijmegen (the Netherlands) and were representative of the 
Dutch population of families with young children (see van Bakel & Riksen-Walraven, 2002a; 2002b for 
details of recruitment and family characteristics). 
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The current study was part of a recent assessment wave at age 14, approved by the local ethics 
committee (officially called Committee on Research Involving Human Subjects of region Arnhem-
Nijmegen). All participants from the previous wave (n = 109; age 13) were invited for the 14-year 
data collection wave, except for one child diagnosed with multiple psychiatric disorders. Of the 
108 participants who received an invitation for the current study, 83 participants (51% boys; Mage 
= 14.64 years, SD = 0.18) came to the lab to take part in the procedure to measure freezing-like 
behavior. Out of the 25 participants not participating in this freezing procedure, five could not be 
contacted and 20 were unwilling or unable to invest time. The freezing assessment was part of a 
larger, approximately 2.5-hour lasting protocol that also included an unrelated fMRI session for 53 
of the participants included in this paper, as well as filling in a battery of questionnaires and other 
perceptual tasks, including pictures of animals, on the stabilometric force platform (see Figure S1 
in Supplemental Material [SM]). Prior to testing, participants provided informed assent and parents 
provided informed consent in accordance with the Declaration of Helsinki. Participants received 
financial reimbursement for participation. All participants had normal or corrected-to-normal vision. 
Four participants had to be excluded from the analysis due to technical problems (n = 2), dizziness 
(n = 1), or excessive movement (n = 1; z-score > 4 on the posturographic measure). The final sample 
consisted of 79 participants (49% boys; Mage = 14.63 years, SD = 0.18). 
Finally, dropout analyses of this longitudinal cohort indicated a slight (though non-significant) 
tendency of increased dropout rates for participants who were classified as insecurely attached 
during infancy (see Appendix S1 in SM for statistical details). Even if this effect would have been 
statistically different, we would not expect any influence of differential dropout on our freezing 
assessment at age 14. 
Procedure and measures
Infant-parent attachment (15 months of age)
In the 15-month wave, an abbreviated version of the Strange Situation Procedure (Ainsworth, Blehar, 
Waters, & Wall, 1978) was used to assess the quality of infant-parent attachment. For a detailed 
description of the assessment procedure, see van Bakel and Riksen-Walraven (2002b). A similar 
abbreviated version has been proven valid for the assessment of infant-parent attachment security 
within normal (Lewis, Feiring, McGuffog, & Jaskir, 1984; Waters, Wippman, & Sroufe, 1979) as well as 
within clinical samples (Willemsen-Swinkels, Bakermans-Kranenburg, Buitelaar, van IJzendoorn, & van 
Engeland, 2000). The infants were classified as Secure (B), Avoidant (A), Resistant (C), or Disorganized 
and Disoriented (D) according to the directions provided by Ainsworth et al. (1978) and Main and 
Solomon (1990). The inter-rater reliability established on the basis of a randomly selected subset 
of 20 infants was 95% (see van Bakel & Riksen-Walraven, 2002b). Of the 79 participants included in 
the final sample of the present study, 56 participants were classified as Secure (43% boys) and 23 as 
Insecure (eight Avoidant; seven Resistant; eight Disorganized; 65% boys). 
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Freezing assessment (age 14)
A valid and reliable way to assess freezing-like behavior is by means of a stabilometric force 
platform, which quantifies spontaneous fluctuations in body sway during threat exposure (Azevedo 
et al., 2005; Facchinetti et al., 2006; Hagenaars et al., 2012; Lopes et al., 2009; Roelofs, Hagenaars, 
et al., 2010; Stins & Beek, 2007). To assess adolescent freezing-like behavior, we used a custom-
made stabilometric force platform (dimensions: 50 cm x 50 cm; sampling frequency: 200 Hz; 1 mm 
accuracy) that measured spontaneous body sway during passive picture-viewing. The platform 
had four force sensors to derive a time series of deviations from center-of-pressure (COP) in the 
anterior-posterior (AP) and mediolateral (ML) direction. Simultaneously, electrocardiographic 
(ECG) recordings were collected, using BrainAmp.
Prior to testing, three heart rate electrodes were attached to the skin around the heart of the 
participants. Next, participants sat in front of a computer screen to watch a short neutral film 
scene (approximately 3 min), intended to make them feel at ease and to normalize their heart 
rate. Thereafter, participants were instructed to stand upright and stationary in the middle of the 
platform, barefooted. We asked them to equally distribute their body weight on both legs with 
their arms hanging relaxed besides their body. Their feet were next to each other, approximately 
20 cm apart. We instructed them to passively look at the pictures presented on the screen and 
motivated them to keep their attention on the pictures by informing them that remembering the 
pictures would be important for following tasks. Before the actual task, participants completed a 
brief practice version in which letters instead of faces were presented on the screen. At the end 
of the task, a random selection of 18 participants scored the pleasantness of each face stimulus 
on a seven-point Likert Scale (ranging from 1 = very angry to 7 = very happy) to check whether 
the emotional expressions were indeed experienced as angry, neutral, or happy. Both the 
experimenters and the participants were unaware of the attachment classifications. 
This passive viewing paradigm is based on Roelofs, Hagenaars, et al. (2010) and consisted of facial 
emotional expressions: happy, angry, and neutral faces from 20 models (10 male and 10 female) 
of the Karolinska Directed Emotional Faces database (Lundqvist, Flykt, & Öhman, 1988). Each 
model expressed each of these facial emotional expressions, resulting in a total of 60 images (20 
images per face category). The pictures were presented in gray scale and displayed against a black 
background. Faces were edited to exclude hair and non-facial features. Each face was presented 
for 3 sec on a 46 x 30 cm2 height-adjustable computer screen, approximately 1 m in front of 
participants, while they were standing on the platform. The face stimuli were presented in three 
blocks, each consisting of 20 stimuli from the same emotional category, which were presented 
consecutively without an inter-trial interval. Between blocks, we used an interval of 7 sec (5 sec 
black screen followed by 2 sec white fixation cross). Block order and stimuli order within blocks 
were randomized across participants.
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Intermediate assessments of adverse events
To assess whether there is a unique relation between infant-parent attachment security and later 
freezing-like behavior, we controlled for the effects of later adverse events, including (poor) quality 
of parental behavior and stressful life events. 
The quality of parental behavior was assessed at four intermediate time points, namely at 2½, 5, 
7, and 12 years of age. For each time point trained observers rated standardized videotapes of 
age-appropriate parent-child interactions on five seven-point scales for the quality of parental 
interactive behavior (Erickson, Sroufe, & Egeland, 1985), namely (1) supportive presence or 
the provision of emotional support; (2) respect for the child’s autonomy or non-intrusiveness; 
(3) effective structure and limit setting; (4) quality of instructions; and (5) hostility. The quality 
of parental behavior at 2½ and 5 years has been previously reported (e.g., Smeekens, Riksen-
Walraven, & van Bakel, 2007a; Smeekens et al., 2007b). For the purpose of the present study, we 
mirrored the hostility scores, standardized each scale per age, and summed these scales to obtain 
one score for the quality of parental interactive behavior towards the child per age. Higher scores 
indicate higher quality of parental interactive behavior. When calculating an average overall score 
of quality of parental behavior across age, missing data (4% missing at age 2½, 5% missing at 
age 5, 0% missing at age 7, and 5% missing at age 12) were handled by computing an adjusted 
score for participants with missing data such that only the non-missing observations were used 
to compute the score. 
The experience of intermediate stressful life events was assessed at 2½, 5, 7, 9, 12, and 14 years of 
age. Items from Saranson, Johnson, and Siegel’s (1978) Life Experiences Survey and Coddington’s 
(1972) Life Events Scale for Children were selected that were likely to have an aversive influence 
on the child’s development (e.g., divorce, death of a loved one, serious illness from child or 
parent). Both scales have been widely used and have sound psychometric properties (Abela, 2001; 
Johnston, 1996). Parents were asked to respond with yes or no to all items. These stressful life events 
have been previously used within this longitudinal study (Smeekens et al., 2007b). For subsequent 
analyses, we determined an average overall score of experienced life events across all intermediate 
time points. Missing data (4% missing at age 2½; 3% missing at age 5; 25% missing at age 7; 9% 
missing at age 9; 3% missing at age 12; and 1% missing at age 14) were handled in the same way 
as for quality of parental behavior. 
State anxiety
State anxiety, was assessed before the freezing assessment using a self-report visual analogue (VAS) 
scale where participants indicated on a scale from 0 – 100 (0 = not anxious at all; 100 = extremely 
anxious) how anxious they felt at that moment. Data were missing for four participants; for three 
participants we relied on a previous assessment filled in approximately 1 hour before. 
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Data analysis
Posturography
Posturographic analyses were performed with MATLAB (MathWorks, Natick, MA). First, we 
calculated for each participant the mean position of the COP in the AP and ML direction per 
time point. Based on this, we computed each participant’s variability in body sway—separately 
for each emotional block—expressed as the standard deviation of the COP in the AP (SD-AP) 
and the ML (SD-ML) direction (Roelofs, Hagenaars, et al., 2010). The resulting variability in body 
sway (SD-AP, SD-ML) represents an average of participants’ body movement during the 1-minute 
presentation period of facial emotional expressions from the same emotional category. Lower 
scores indicate increased postural immobility. Importantly, participants’ relatively stable body 
posture on the stabilometric force platform leads to a larger range of movements in the AP than 
the ML direction (Roelofs, Hagenaars, et al., 2010). This makes the AP fluctuations more sensitive 
to affective processes compared to the ML fluctuations. Consistent with our expectation based 
on previous literature (Roelofs, Hagenaars, et al., 2010) we briefly confirmed that body sway of 
SD-ML was indeed not modulated by Emotion (Greenhouse-Geisser correction: F(1.85, 143.87) = 
1.59, p = .208, ηp
2 = .02). Accordingly, we used SD-AP to operationalize body sway and to assess the 
influence of attachment on body sway. 
Heart rate
By using Brainvision (Analyzer 2.0), heart rate in beats per minute (BPM) was determined separately 
for the three emotional blocks. 
Statistical analyses
First, a separate Friedman’s Test was conducted to confirm that the presented emotional faces were 
indeed rated as angry, happy, and neutral, respectively. Second, we used a log transformation to 
reduce skewness of the body sway measure (SD-AP). Heart rate (BPM) and log transformed body 
sway were then analyzed with separate repeated-measures ANOVAs, with Emotion (happy, angry, 
neutral) as within-subject factor and Attachment security (secure, insecure) as between-subject 
factor. Importantly, previous work has shown that freezing-like behavior in response to angry faces 
has to be evaluated relative to neutral or happy faces in order to control for individual differences 
in body sway and heart rate (see Azevedo et al., 2005; Facchinetti et al., 2006; Hagenaars et al., 
2012; Lopes et al., 2009; Roelofs, Hagenaars, et al., 2010; Stins & Beek, 2007). Accordingly, the 
crucial test of our prediction is a significant Emotion × Attachment interaction. Significant main 
and interaction effects were further investigated in follow-up analyses. Pearson correlations were 
further used to assess the previously found relation between threat-related reductions in body 
sway and heart rate (Roelofs, Hagenaars, et al., 2010). To assess whether the relation between 
attachment security and freezing-like behavior is unique for early infant-parent attachment, we 
controlled for later adverse events by adding Quality of Parental Behavior and the experience 
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of Stressful Life Events as separate covariates into the model. Finally, we tested whether State 
Anxiety was related to adolescent freezing-like behavior to replicate previous work in adults by 
Roelofs, Hagenaars, et al. (2010). Because of unequal sizes of attachment groups, we tested for 
each ANOVA whether the error variance and the observed covariance matrices of the dependent 
variable (SD-AP, heart rate) were equal across both groups. Levene’s Test of Equality of Error 
Variances and Box’s Test of Equality of Covariance Matrices of all analyses were non-significant (all 
ps > .16), suggesting an equal error variance and equal covariance matrices of SD-AP and heart 
rate across attachment groups.
Results
Manipulation check
A Friedman test, evaluating differences in pleasantness ratings on a seven-point Likert Scale 
(collected in a random selection of 18 participants) for angry, happy, and neutral faces, revealed a 
significant effect of Emotion (χ2(2, N = 18) = 36, p < .001). Follow-up pairwise (Bonferroni corrected) 
comparisons indicated that as expected each emotional category differed significantly from the 
other two emotional expressions with happy > neutral > angry (all ps < .01; happy: M = 5.94, SD = 
0.22; neutral: M = 3.95, SD = 0.17; angry: M = 2.25, SD = 0.35). 
Body sway 
The ANOVA with body sway (SD-AP) as dependent variable, Emotion (angry, happy, neutral) as 
within-subject factor, and Attachment (secure, insecure) as between-subject factor showed 
a significant main effect of Emotion (F(2, 76) = 4.74, p = .011, ηp
2 = .11) but not for Attachment 
(F(1, 77) = 0.92, p = .341, ηp
2 = .01). Most importantly, the Emotion × Attachment interaction was 
significant (F(2, 76) = 3.23, p = .045, ηp
2 = .08; see Table 1 for the estimated means, separately for 
attachment security and emotional valence).
Table 1 | Posturographic data of anterior-posterior sway (SD-AP in mm)a as a function of Emotion (neutral/happy/angry) and 
Attachment security (insecure/secure)
Attachment security
Insecure (n = 23) Secure (n = 56)
Faces M (SEM) 95% CI M (SEM) 95% CI
Neutral 0.44 (0.03) [0.37, 0.51] 0.38 (0.02) [0.33, 0.42]
Happy 0.40 (0.03) [0.34, 0.46] 0.36 (0.02) [0.33, 0.40]
Angry 0.37 (0.03) [0.30, 0.43] 0.37 (0.02) [0.33, 0.41]
Notes: M = marginal mean; CI = confidence interval; resulting from ANOVA with body sway (SD-AP) as dependent variable, Emotion 
(angry, happy, neutral) as within-subject factor, and Attachment (secure, insecure) as between-subject factor. 
a log transformed
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Figure 1 | Differences in log-transformed body sway variability while viewing angry compared to neutral faces, separately for 
insecurely and securely attached participants. Body sway is expressed in standard deviation from participants’ center-of-pressure 
(COP) in the anterior-posterior direction (SD-AP). Larger negative difference scores (SD-AP for angry faces minus SD-AP for neutral 
faces) reflect stronger freezing-like reactions in response to angry compared to neutral faces. Error bars represent standard errors. 
*p < .05; Secure: 95% CI [-0.03, 0.02]; Insecure: 95% CI [-0.12, -0.03]
We explored the critical Emotion × Attachment interaction by assessing which of the three 
Emotion contrasts interacted significantly with Attachment. In line with our expectations, the 
angry vs neutral Emotion contrast showed a significant interaction with Attachment (F(1, 77) = 
6.52, p = .013, ηp
2 = .08; Secure: Mdifference = -0.01, SEM = 0.01, 95% CI [-0.03, 0.02]; Insecure: Mdifference 
= -0.07, SEM = 0.02, 95% CI [-0.12, -0.03]); results are illustrated in Figure 1), whereas we did not 
find significant interaction effects with Attachment for the two other Emotion contrasts: (i) angry 
vs happy: F(1, 77) = 3.02, p = .086, ηp
2 = .04 (Secure: Mdifference = 0.01, SEM = 0.01, 95% CI [-0.02, 0.03]; 
Insecure: Mdifference = -0.04, SEM = 0.02, 95% CI [-0.08, 0.00]); (ii) happy vs neutral: F(1, 77) = 1.43, p = 
.235, ηp
2 = .02 (Secure: Mdifference = -0.01, SEM = 0.01, 95% CI [-0.03, 0.01]; Insecure: Mdifference = -0.04, 
SEM = 0.02, 95% CI [-0.07, 0.00]).
Next, we explored the Emotion × Attachment effect for the critical angry-neutral Emotion contrast, 
by testing this Emotion contrast in each Attachment group separately. As expected, these analyses 
revealed a significant effect of Emotion in the insecurely attached participants but not in the 
securely attached participants: (i) insecurely attached: F(1, 22) = 9.16, p = .006, ηp
2 = .29; angry: M = 
0.37, SEM = 0.03, 95% CI [0.30, 0.44]; neutral: M = 0.44, SEM = 0.04, 95% CI [0.36, 0.52]; (ii) securely 
attached: F(1, 55) = 0.20, p = .661, ηp
2 = .00; angry: M = 0.37, SEM = 0.02, 95% CI [0.33, 0.41]; neutral: 
M = 0.38, SEM = 0.02, 95% CI [0.34, 0.41].
Post-hoc comparisons (Bonferroni corrected) for the main effect of Emotion (angry: M = 0.37, SEM 
= 0.02, 95% CI [0.33, 0.41]; happy: M = 0.38, SEM = 0.02, 95% CI [0.35, 0.42]; neutral: M = 0.41, SEM = 
0.02, 95% CI [0.37, 0.45]) revealed a significant effect for the angry vs neutral contrast (p = .011), but 
not for the happy vs neutral contrast (p = .094) and the angry vs happy contrast (p = .549). 
Infant attachment and adolescent freezing| 47
 3
For the sake of completeness, we tested whether the insecurely attached adolescents differed from 
their securely attached counterparts in body sway for each of the facial emotional expressions 
separately. There was no significant effect of Attachment on SD-AP, for angry (F(1, 77) = 0.01, p 
= .944, ηp
2 = .00), neutral (F(1, 77) = 2.65, p = .108, ηp
2 = .03), or happy faces (F(1, 77) = 1.19, p = 
.278, ηp
2 = .02). This suggests that Attachment security does not have a general effect on body 
sway and confirms that effects on freezing-like behavior need to be evaluated in terms of relative 
differences in SD-AP between emotional categories. 
As secure vs insecure attachment groups differed in gender distributions, we conducted the same 
analyses including Gender separately as a covariate and as a between-subject factor. The critical 
results remained significant when controlling for Gender (see Appendix S2 in SM).
Heart rate
The sample for heart rate data contained one participant less than the body sway data due to 
technical problems in assessing heart rate for this one participant. An ANOVA with heart rate (BPM) 
as dependent variable, Emotion (angry, happy, neutral) as within-subject factor, and Attachment 
(secure, insecure) as between-subject factor revealed no main or interaction effects (Emotion: F(2, 
75) = 0.45, p = .638, ηp
2 = .01; Emotion × Attachment interaction: F(2, 75) = 0.75, p = .478, ηp
2 = .02; 
Attachment: F(1, 76) = 2.08, p = .153, ηp
2 = .03), suggesting that the heart rate reduction for angry 
vs neutral faces was not significant. However, the body sway reduction for angry vs neutral faces 
was significantly correlated to a heart rate reduction for angry vs neutral faces (r = .26, p = .023), 
indicating that the threat-related reduction in body sway was accompanied by a threat-related 
reduction in heart rate (Figure 2). 
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Figure 2 | The scatter plot (with best-fitting regression line) illustrates the correlation between change in heart rate variability 
(in beats per minute) and change in body sway variability (in mm) while participants viewed angry compared to neutral faces. 
Change in heart rate variability was calculated by subtracting heart rate of the neutral-faces block from the same measure of the 
angry-faces block. The same calculation was applied to conduct body sway variability.
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Later adverse events
To determine whether there is a unique relation for early infant-parent attachment, we controlled for 
the effects of later adverse events, including Stressful Life Events and Quality of Parental Behavior. 
The critical results remained significant when including these variables as covariates in the model: 
the Emotion × Attachment interaction for the three emotions remained marginally significant (F(2, 
74) = 3.02, p = .055, ηp
2 = .08), which was, as before, specific for the angry vs neutral Emotion contrast 
(F(1, 75) = 6.11, p = .016, ηp
2 = .08) as well as for the insecurely attached participants (F(1, 20) = 6.48, 
p = .019, ηp
2 = .25; see Appendix S3 in SM for detailed descriptions of results). This suggests a unique 
relation between early insecure infant-parent attachment and later freezing-like behavior that cannot 
be explained by later-occurring life events or quality of parental behavior. 
State anxiety
To replicate previous work by Roelofs, Hagenaars, et al., 2010, we repeated the ANOVA with SD-AP 
as dependent variable, Emotion (angry, happy, neutral) as within-subject factor, Attachment (secure, 
insecure) as between-subject factor and included this time State Anxiety as a covariate. Similar as 
before, we found a marginally significant Emotion × Attachment interaction (F(2, 74) = 2.87, p = .063, 
ηp
2 = .07; Emotion: F(2, 74) = 1.29, p = .281, ηp
2 = .03; Attachment: F(1, 75) = 0.90, p = .345, ηp
2 = .01), 
which was specific for the angry vs neutral comparison (F(1, 75) = 5.78, p = .019, ηp
2 = .07; angry vs happy: 
F(1, 75) = 2.86, p = .095, ηp
2 = .04; happy vs neutral: F(1, 75) = 1.10, p = .297, ηp
2 = .01) as well as for the 
previously insecurely attached participants (insecure: F(1, 21) = 12.68, p = .002, ηp
2 = .38; secure: F(1, 
53) = 2.35, p = .132, ηp
2 = .04). All analyses revealed no main effect of State Anxiety (all ps > .40) as well 
as no State Anxiety × Emotion interaction (all ps > .08), except for the follow-up analyses separately for 
the securely attached participants (F(1, 53) = 9.82, p = .003, ηp
2 = .16). To follow-up on this State Anxiety 
× Emotion interaction in the securely attached group, we calculated the correlation between the body 
sway difference score of angry vs neutral faces and State Anxiety. A negative correlation (r = -.40, p = 
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Figure 3 | The scatter plot (with best-fitting regression line) shows the correlation between state anxiety and change in body 
sway variability (in mm) of angry vs neutral faces. Change in body sway variability was calculated by subtracting log-transformed 
body sway of the neutral-faces block from log-transformed body sway of the angry-faces block.
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.003) indicated that higher State Anxiety in securely attached participants was associated with greater 
body sway reduction for angry vs neutral faces (see Figure 3). Thus, likewise previous observations by 
Roelofs, Hagenaars, et al. (2010) in an unselected adult sample, we found a correlation between State 
Anxiety and body sway reduction for angry relative to neutral faces. 
Discussion
The results of this prospective longitudinal study show that insecure infant-parent attachment, 
assessed at 15 months of age, is associated with increased freezing-like behavior in adolescence. 
Adolescents who were classified as insecurely attached in infancy, compared to those who were 
securely attached, showed significantly stronger freezing-like behavior as indicated by reduced body 
sway in response to angry relative to neutral faces. Notably, in the securely attached group, freezing-
like behavior was only observed in those individuals scoring high on state anxiety. Furthermore, later 
quality of parental behavior and later experience of stressful life events could not explain the relation 
between early insecure attachment and increased freezing-like behavior during adolescence. These 
results suggest a specific role of early infant-parent attachment security in shaping the human 
defensive response systems. 
The observed body sway reduction of angry relative to neutral faces in the insecurely attached 
group—compared to the securely attached group—seems to be driven by the quantity of body 
sway in response to neutral faces (our baseline condition) rather than less body sway in response 
to angry faces. This increase in basal body sway may be indicative of increased basal restlesness or 
impulsivity, which has been observed in insecurely attached children (Jacobsen, Huss, Fendrich, 
Kruesi, & Ziegenhain, 1997; Olson, Bates, & Bayles, 1990). Alternatively, it can be speculated that 
neutral (vs angry) facial emotional expressions capture less attention in insecurely (compared to 
securely) attached individuals for example because those faces might contain little emotionally 
relevant information of importance for the activation of their attachment system (Bowlby, 1980). 
Importantly, the relatively higher amount of basal body sway in response to neutral faces observed in 
the insecurely attached group—regardless of whether it reflects restlessness or decreased attention 
capture—is not present when viewing angry faces. This finding is compatible with the current notion 
of freezing, where freezing is regarded as a relative reduction of body sway in response to aversive 
relative to neutral information (Azevedo et al., 2005; Facchinetti et al., 2006; Hagenaars et al., 2012; 
Roelofs, Hagenaars, et al., 2010; Stins & Beek, 2007).
This interpretation is consistent with the notion that episodes of freezing in threat extinction in rats 
and other rodents are embedded within gradually increasing instances of bodily activity (Bolles 
& Collier, 1976; Curti, 1935). Our results are also consistent with research in animals that suggests 
long-lasting effects of early stressful life experiences in rat pups’ sensitive attachment learning 
period (Sullivan & Holman, 2010) on primary defensive stress responses, including increased 
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freezing (Menard et al., 2004; Sanders & Knoepfler, 2008). Particularly, life events related to poor 
parenting behavior during this sensitive period have been associated with increased freezing to later 
threatening encounters in rodents (Caldji et al., 2000; Menard et al., 2004). The results also support 
predictions of a human early life stress model (Loman & Gunnar, 2010), which proposes that insecure 
infant-parent attachment can result in increased defensive stress responses, including increased 
freezing in the face of threatening experiences. 
For the securely attached individuals, we found no evidence for freezing-like behavior in our primary 
analysis. However, when including state anxiety in the model, it became clear that in this particular 
group, the reduced body sway for angry vs neutral faces was only present in the high anxious and 
not in the low anxious individuals. The finding of a significant correlation between state anxiety and 
freezing-like behavior is consistent with previous results on freezing in adults (Roelofs, Hagenaars, et 
al., 2010). These authors showed a similar relation between state anxiety and body sway reduction of 
angry vs neutral faces in the same measure that we used here (standard deviation of the center-of-
pressure in the anterior-posterior direction, SD-AP) and elsewhere (e.g., Hagenaars et al., 2012; Lopes 
et al., 2009). Replicating these results provides initial indications that defensive stress responses can 
be equally well objectively assessed and quantified in developmental populations with lower body 
weight as in adults. Our observed Emotion effect for the angry vs neutral contrast in the whole sample 
is comparable in terms of absolute body sway difference (0.18 mm, untransformed) to previous work 
(0.14 mm reported by Roelofs, Hagenaars, et al., 2010). Additionally, the effect size of our Attachment 
× Emotion effect for the angry vs neutral contrast (ηp
2 = .08) is comparable, but somewhat smaller, to 
the effect size of a similar Emotion × Group interaction; ηp
2 = .16 reported by Hagenaars et al. (2012). 
The result that adolescents who were classified as being insecurely attached in infancy show 
increased threat-related freezing to angry vs neutral faces is particularly interesting in light of 
research suggesting that insecure infant-parent attachment is a risk factor for developmental 
problems and psychopathologies later in life (Burgess et al., 2003; Colonnesi et al., 2011; Groh et al., 
2012; Renken et al., 1989; Shamir-Essakow et al., 2005; Smeekens et al., 2007b; Warren et al., 1997). 
On the basis of a number of observations, we propose that increased freezing may constitute an 
intermediate risk factor for psychopathology (for a review see also Hagenaars et al., 2014): studies 
in animals and humans have indicated that freezing serves to optimize the perceptual system for 
detecting cues when threat is still at relative distance by enhancing attention and reducing body 
sway (Blanchard et al., 1986; Lang et al., 1997). This vigilance-enhancing state—thought to optimize 
coping strategies in healthy subjects—may get out of balance after chronic stress due to insecure 
infant-parent attachment (Loman & Gunnar, 2010). Enhanced vigilance for threat and fear-evoking 
cues may in turn enhance encoding of traumatic events (Ehlers & Clark, 2000; Naim et al., 2013). Such 
mechanisms may explain the previously found relation between peritraumatic freezing behavior 
and posttraumatic stress symptoms reported by trauma victims (Bovin et al., 2008). However, this 
hypothesis is still speculative and future research, including attentional and memory tests, is needed 
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to test it. Also it should be mentioned that although increased freezing tendencies may be a risk 
factor in some children, it might as well serve as an adaptive coping strategy and resilience factor in 
other children (Hagenaars et al., 2014). It could for example represent an adaptation or sensitization 
to the environment of chronic stress (Frankenhuis & de Weerth, 2013). Future research should 
investigate whether freezing may moderate or mediate the previously found relation between 
insecure infant-parent attachment on the one hand and the development of maladaptive stress 
coping and psychopathology on the other hand. 
A few caveats should be considered when interpreting the current results. First, it is important to 
note that there are substantial individual differences in the general amount of body sway (Yamamoto 
et al., 2015). Therefore, absolute body sway in response to angry faces cannot be interpreted 
independently as freezing-like behavior, but must be interpreted relative to an emotional neutral 
category (such as neutral faces) to control for individual differences in the amount of body sway. 
Contrasting the within-subject conditions as we did is the standard way to analyze such data in order 
to obtain a sensitive measure of bodily freezing-like behavior (Azevedo et al., 2005; Facchinetti et 
al., 2006; Hagenaars et al., 2012; Lopes et al., 2009; Roelofs, Hagenaars, et al., 2010; Stins & Beek, 
2007). Nevertheless, future studies could benefit from including a second lower-level baseline (e.g., 
a non-social neutral condition) randomly displayed throughout the task or a trial-based baseline 
measure before the presentation of each face to more directly investigate the individual differences 
in baseline body sway. 
Second, although the magnitude of the body sway reduction for angry vs neutral faces was 
significantly correlated to the heart rate reduction for angry vs neutral faces, there were no relations 
between attachment and heart rate changes.
Third, future research should investigate which moderating (e.g., genetic) factors and mediating 
(e.g., epigenetic) factors (Claessens et al., 2011) as well as which cognitive processes, like (sub)
conscious appraisal (Öhman, Flykt, & Lundqvist, 2000; Sander, Grandjean, Kaiser, Wehrle, & Scherer, 
2007), attention, and memory processes, may contribute to the explanation of the observed relation 
between attachment and freezing. Accordingly, future longitudinal investigations may profit from 
collecting genetic or epigenetic data when studying the relation between quality of infant-parent 
attachment and primary defensive stress reactions. 
Fourth, only a subset of participants rated the pleasantness of each of the facial emotional 
expressions. In future research it would be interesting to investigate whether freezing differences 
between attachment groups might be explained by differences in the perception and evaluation of 
neutral or emotional faces. Additionally, future research should investigate whether the experienced 
dominance of the facial expressions, particularly regarding angry faces, plays a role in the observed 
relation between attachment and freezing. 
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Fifth, freezing in animals provides an important theoretical framework for human freezing and has 
been shown to have substantial overlap with human freezing-like behavior (reviewed by Hagenaars 
et al., 2014), such as being expressed by similar bodily features (Fanselow, 1984; Roelofs, Hagenaars, et 
al., 2010), being elicited in similar situations (see review Hagenaars et al., 2014), showing similar neural 
correlates (Gozzi et al., 2010; Hermans et al., 2013), and being amplified by traumatic events and 
anxiety in both animals and humans (Bovin et al., 2008; Hagenaars et al., 2012; Roelofs, Hagenaars, et 
al., 2010; Sanders & Knoepfler, 2008). Nevertheless, it is important to remain cautious when comparing 
freezing of animals to human freezing-like behavior because of different assessment procedures and 
potential differences in underlying mechanisms and functions. More translational work is needed to 
fully understand how animal and human freezing are related.
Finally, the group size of adolescents classified as insecurely attached infants did not allow analyses 
of the different subtypes of insecure attachment (Avoidant, Resistant, Disorganized), which may be 
associated with different types of non-optimal parental caregiving (e.g., Carlson, Sampson, & Sroufe, 
2003). Therefore, it would be interesting to investigate in future studies with larger sample sizes 
whether different types of insecure attachment have different implications for freezing.
In conclusion, the results of this prospective longitudinal study suggest that insecure infant-parent 
attachment is associated with adolescent increased freezing-like behavior to angry relative to neutral 
faces. This relation could not be explained by the intermediate quality of parental interactive behavior 
as well as the intermediate experience of stressful life events, supporting the notion of infancy as a 
sensitive time window in which early parental responsiveness and sensitivity to the infants’ needs 
are essential in shaping the human defensive stress response system. Additionally, our results 
extend existing knowledge by providing the first empirical indications suggesting that early infant-
parent attachment is related to primary defensive reactions not only in animals but also in humans. 
Furthermore, it is also noteworthy that the attachment-related differences in freezing-like behavior 
can be objectively assessed during early adolescence, 13 years after the infants had been classified 
as securely or insecurely attached. Given the previously observed relation between freezing during 
trauma and the development of posttraumatic stress symptoms in adults (Bovin et al., 2008) and given 
the consideration of freezing as a trait variable in research with animals (Qi et al., 2010), it is important 
for future research to replicate current results and to start investigating the role of freezing as an 
intermediate factor in the development of psychopathology. The currently presented experimental 
tool opens venues to start exploring this relation in an ecologically valid and reliable way in humans. 
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Supplemental Material
Appendix S1 | Dropout analyses
To determine whether the originally recruited longitudinal sample at 15 months of age differed 
in attachment security from the current analytic sample at age 14, we conducted a Pearson Chi-
Square test, indicating a slight (although non-significant) tendency of increased dropout rates for 
participants who were classified as insecurely attached during infancy (χ2(1, N = 127) = 3.65, p = .056; 
percentage attachment security of originally longitudinal participants lost at age 14: 54% secure, 
46% insecure; percentage attachment security of current analytic sample: 71% secure, 29% insecure). 
Appendix S2 | Body sway, attachment, and gender
To investigate whether the reported body sway results can be explained by the uneven gender 
distribution among the secure vs insecure attachment groups, we repeated the previous ANOVA 
with SD-AP as dependent variable, Emotion (angry, happy, neutral) as within-subject factor, 
Attachment (secure, insecure) as between-subject factor, but this time we included Gender as a 
covariate. This analysis revealed a marginal significant Emotion × Attachment interaction (F(2, 75) 
= 3.02, p = .055, ηp
2 = .07), a marginal significant main effect of Emotion (F(2, 75) = 2.72, p = .073, 
ηp
2 = .07), and a non-significant main effect of Attachment (F(1, 76) = 0.18, p = .671, ηp
2 = .00). Most 
importantly, however, and replicating the results of the analyses without Gender reported in the 
main text, the Emotion × Attachment interaction in the angry vs neutral ANOVA was significant (F(1, 
76) = 6.11, p = .016, ηp
2 = .07), but, again as before, not in the other two—angry vs happy and happy 
vs neutral—ANOVAs (angry vs happy: F(1, 76) = 2.68, p = .106, ηp
2 = .03; happy vs neutral: F(1, 76) 
= 1.46, p = .230, ηp
2 = .02). Further replicating the results in the main text, the interaction for the 
Emotion contrast of angry vs neutral faces was significant for the insecurely attached participants 
(F(1, 21) = 8.98, p = .007, ηp
2 = .30), but not for the securely attached participants (F(1, 54) = 0.02, p = 
.879, ηp
2 = .00). All analyses—except for the follow-up analysis separately for the insecurely attached 
participants—revealed a significant main effect of Gender (all ps < .04), showing that boys moved on 
average more compared to girls. However, none of these analyses revealed a significant Emotion × 
Gender interaction (all ps > .35). Levene’s Test of Equality of Error Variances and Box’s Test of Equality 
of Covariance Matrices of all analyses were non-significant (all ps > .16), suggesting an equal error 
variance and equal covariance matrices of SD-AP across attachment groups. 
We repeated the ANOVA with SD-AP as dependent variable, Emotion (angry, happy, neutral) as 
within-subject factor, Attachment (secure, insecure) as between-subject factor, but this time included 
Gender as a between-subject factor. This analysis again showed a marginal significant Emotion × 
Attachment interaction (F(2, 74) = 2.48, p = .091, ηp
2 = .06; Emotion: F(2, 74) = 3.37, p = .040, ηp
2 = .08; 
Attachment: F(1, 75) = 0.16, p = .690, ηp
2 = .00), which was, as before, specific for the angry vs neutral 
contrast (F(1, 75) = 4.95, p = .029, ηp
2 = .06; angry vs happy: F(1, 75) = 2.73, p = .103, ηp
2 = .04; happy vs 
neutral: F(1, 75) = 0.78, p = .379, ηp
2 = .01) and for the insecurely attached participants (insecure: F(1, 
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21) = 6.70, p = .017, ηp
2 = .24; secure: F(1, 54) = 0.12, p = .727, ηp
2 = .00). All analyses revealed no Emotion 
× Gender interaction (all ps > .35), no Gender × Attachment interaction (all ps > .76), and no Emotion 
× Gender × Attachment interaction (all ps > .07). As before, all analyses—except for the follow-up 
analysis separately for the insecurely attached participants—showed a main effect of Gender (all ps < 
.04). Levene’s Test of Equality of Error Variances and Box’s Test of Equality of Covariance Matrices of all 
analyses were non-significant (all ps > .05), suggesting an equal error variance and equal covariance 
matrices of SD-AP across attachment and gender groups. Overall, these analyses revealed similar 
results compared to the analyses including Gender as a covariate. In sum, these results show that the 
uneven gender distribution cannot explain the results reported in the main text.
Appendix S3 | Body sway, attachment, quality of parental behavior, and 
the experience of stressful life events
To test whether there is a unique relation between the reported body sway results and attachment 
security, we repeated the analyses reported in the main text with SD-AP as dependent variable, 
Emotion (angry, happy, neutral) as within-subject factor, Attachment (secure, insecure) as between-
subject factor, but this time we included the intermediate Quality of Parental Behavior as well as the 
intermediate experience of Stressful Life Events as covariates in the model. This ANOVA revealed a 
marginal significant Emotion × Attachment interaction (F(2, 74) = 3.02, p = .055, ηp
2 = .08; Emotion: 
F(2, 74) = 1.32, p = .274, ηp
2 = .03; Attachment: F(1, 75) = 0.44, p = .509, ηp
2 = .01), which was, as before, 
specific for the angry vs neutral comparison (F(1, 75) = 6.11, p = .016, ηp
2 = .08), but not for the angry 
vs happy and happy vs neutral comparisons (angry vs happy: F(1, 75) = 2.74, p = .102, ηp
2 = .04; happy 
vs neutral: F(1, 75) = 1.45, p = .232, ηp
2 = .02). Furthermore, the interaction for the Emotion contrast 
of angry vs neutral remained significant for the insecurely attached participants (F(1, 20) = 6.48, p = 
.019, ηp
2 = .25), but not for their securely attached counterparts (F(1, 53) = 1.35, p = .250, ηp
2 = .03). 
All analyses revealed no main effect of Quality of Parental Behavior (all ps > .19) and no Emotion 
× Quality of Parental Behavior interaction (all ps > .47). Furthermore, all analyses showed no main 
effect of Stressful Life Events (all ps > .06) and no Emotion × Stressful Life Events interaction (all ps > 
.06). The critical results remained significant when excluding a participant because of three missing 
assessment points of Quality of Parental Behavior and four missing assessment points of Stressful 
Life Events. Levene’s Test of Equality of Error Variances and Box’s Test of Equality of Covariance 
Matrices of all analyses were non-significant (all ps > .16), suggesting an equal error variance and 
equal covariance matrices of SD-AP across attachment groups.
Excluding stressful life events reported at age 7
Because of 25% missing scales at age 7, we repeated the above-mentioned analyses, however, this 
time we excluded the experience of Stressful Life Events reported at age 7 when calculating the 
overall means for the experience of Stressful Life Events across age. The critical results remained 
(Attachment × Emotion: F(2, 74) = 3.08, p = .052, ηp
2 = .08; Emotion: F(2, 74) = 0.81, p = .447, ηp
2 = .02; 
Attachment: F(1, 75) = 0.41, p = .523, ηp
2 = .01): the Attachment × Emotion interaction was specific 
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for the angry vs neutral comparison (F(1, 75) = 6.24, p = .015, ηp
2 = .08; angry vs happy: F(1, 75) = 2.73, 
p = .103, ηp
2 = .04; happy vs neutral: F(1, 75) = 1.50, p = .224, ηp
2 = .02) and specific for the insecurely 
attached individuals (F(1, 20) = 6.59, p = .018, ηp
2 = .25; securely attached: F(1, 53) = 1.56, p = .217, ηp
2 
= .03). All analyses indicated no main effect of Quality of Parental Behavior (ps > .20) and no Emotion 
× Quality of Parental Behavior interaction (ps > .44). Additionally, all analyses showed no main effect 
of Stressful Life Events (ps > .06) and no Emotion × Stressful Life Events interaction (ps > .30; except 
for the follow-up analysis separately for the securely attached participants, p =.049). Levene’s Test of 
Equality of Error Variances and Box’s Test of Equality of Covariance Matrices of all analyses were non-
significant (all ps > .16), suggesting an equal error variance and equal covariance matrices of SD-AP 
across attachment groups. Overall, the missing scales at age 7 cannot explain the observed results. 
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Figure S1 | Overview of whole assessment procedure, consisting of a 30-minute introduction phase, a 1-hour fMRI session, 
including saliva samples and mood assessment before and after fMRI testing, and finally the 30-minute passive viewing/freezing 
assessment of interest for this paper (Notes: Prep = Preparation; Str. scan = structural scan; HR = heart rate; PVT = Passive 
Viewing Task [*first PVT of interest for our study], Pic R. = Picture Rating [for a subset of participants]). The total duration was 
approximately 2.5 hours. Both adolescents and their parents filled in a battery of questionnaires at home and during the lab visit, 
respectively.
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Abstract
The hypothalamic pituitary adrenal (HPA)-axis plays an important role in the expression of defensive 
freezing. Adaptive freezing reactivity, characterized by an immediate increase in acute stress and 
timely termination upon threat offset or need to act, is essential for adequate stress coping. Blunted 
HPA-axis activity in animals is associated with blunted freezing reactivity and internalizing symptoms. 
Despite their potential relevance, it remains unknown whether these mechanisms apply to humans 
and human psychopathology. Using a well-established method combining electrocardiography 
and posturography, we assessed freezing before, immediately after, and one hour after a stress 
induction in 92 human adolescents. In line with animal models, human adolescents showed 
stress-induced freezing, as quantified by relative reductions in heart rate and body sway after, as 
compared to before, stress. Moreover, relatively lower basal cortisol was associated with reduced 
stress-induced freezing reactivity (i.e., less immediate freezing and less recovery). Path analyses 
showed that decreased freezing recovery in individuals with reduced cortisol levels was associated 
with increased levels of internalizing symptoms. These findings suggest that reduced freezing 
recovery may be a promising marker for the etiology of internalizing symptoms.
Data availability
Data are available upon request from the Data Archiving and Networked Services (DANS): 
https://doi.org/10.17026/dans-xuy-mjs8
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Freezing is one of the main defensive responses to stressful situations, widely observed across 
species. During threat exposure, activation of the parasympathetic and sympathetic branches of the 
autonomic nervous system with their respective cholinergic and catecholaminergic neurotransmitters 
facilitates distinct defensive reactions, including freezing and fight-or-flight responses. Freezing 
is the result of parasympathetic dominance over sympathetic activity and serves as a break on the 
sympathetically-driven fight-or-flight actions (Fanselow, 1994). It is characterized by heart rate 
deceleration (bradycardia) and bodily immobility (Fanselow, 1984; Schenberg et al., 1993) and 
facilitates selection of appropriate coping responses by enhancing perception, risk assessment, and 
action preparation (Blanchard et al., 2011; Gladwin et al., 2016; Lojowska et al., 2015). Although those 
immediate stress-induced freezing responses are considered adaptive stress responses, prolonged 
freezing and reduced flexibility to shift to active fight-or-flight responses may signal maladaptive 
coping (for reviews see Buss & Larson, 2000; Hagenaars et al., 2014). Animal research suggests that 
the hypothalamic pituitary adrenal (HPA)-axis plays an important role in the expression and timely 
termination of these defensive reactions (de Kloet, Oitzl, & Joels, 1999; Oitzl, Champagne, van der 
Veen, & de Kloet, 2010; Sherman & Kalin, 1988). Despite the potential relevance of these mechanisms 
for stress coping, it remains unknown whether they apply to humans and human psychopathology.
Research with animals consistently has shown that the HPA-axis with its end-product corticosterone 
(cortisol in humans) plays an important role in the expression of defensive freezing responses to 
stress. Removal of the adrenal glands in rats, for instance, resulted in disruption of freezing behavior, 
whereas renewed daily administrations of corticosterone in the same animals restored adaptive 
freezing responses to stress (Takahashi & Rubin, 1993). Furthermore, pharmacological stimulation 
and blockage of the HPA-axis at various levels increased and decreased stress-induced freezing, 
respectively (Corodimas et al., 1994; Kalin et al., 1988; Roozendaal et al., 1996; Sherman & Kalin, 1988). 
Corticosterone is not only important for the expression of freezing, it is also relevant for the timely 
termination of the freezing response. For instance, pharmacological stimulation of the HPA-axis not 
only facilitates onset of the freezing response, it also facilitates rodents’ freezing recovery after a 
shock (Sherman & Kalin, 1988). This observation fits the role of the HPA-axis in the onset and timely 
termination of behavioral and neural stress responses in animals (de Kloet et al., 1999; Oitzl et al., 2010; 
Sherman & Kalin, 1988) and humans (Hermans, Henckens, Joels, & Fernandez, 2014).
Acute stress activates large scale neural (salience) networks—at the cost of an executive control 
network—that facilitate amygdala and brainstem driven defensive responses including freezing 
(Hermans et al., 2014). Following the natural course of stress recovery approximately one hour after 
acute stress, the balance between the salience and executive control networks reverses, allowing 
the body to return to homoeostasis and stress responses such as freezing to recover (Hermans et 
al., 2014). However, if the stress system remains activated, it may be detrimental for stress coping 
and eventually for mental and physical health (McEwen & Gianaros, 2011). Similarly, if freezing 
persists and parasympathetic dominance prevents flexible responding to environmental changes, 
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it may signal maladaptive stress coping and may lead to chronic stress symptoms and internalizing 
psychopathology (for reviews see Hagenaars et al., 2014; Kozlowska et al., 2015). For example, Bovin et 
al. (2008) found that individuals who reported increased immobility during a traumatic event showed 
increased anxiety symptoms afterwards. Also, a pioneering study in humans showed that children 
with relatively higher basal and reactive cortisol levels displayed longer freezing episodes during 
threat exposure (Buss et al., 2004). Together, the reported studies suggest that immediate freezing in 
response to acute stress may be adaptive, while prolonged freezing may be maladaptive. Despite the 
potential relevance of altered defensive responses for internalizing symptoms in humans, to the best of 
our knowledge, no existing study objectively has quantified immediate vs delayed freezing responses 
to stress in humans, or the association with HPA-axis functioning and internalizing symptoms.
Therefore, the goal of this study was to investigate human freezing behavior before, immediately 
after, and one hour after a social-evaluative and physical stress test in adolescents. Adolescence is a 
period of increased stress sensitivity and vulnerability for the development of internalizing symptoms 
(McLaughlin & King, 2015; Romeo, 2010), making it an especially important time period to study the 
associations among stress-induced freezing, HPA-axis functioning, and internalizing symptomatology. 
To assess adolescent freezing behavior, we used a well-established and objective measure that 
combines electrocardiographic and posturographic recordings (Azevedo et al., 2005; Niermann et 
al., 2015; Roelofs, Hagenaars, et al., 2010). We hypothesized: (i) that stress-induced freezing can be 
observed in human adolescents, (ii) that HPA-axis activity—both basal and reactive—is associated 
with a reactive freezing pattern (in the form of immediate stress-induced increases in freezing 
followed by successful recovery), and (iii) that decreased freezing recovery is associated with higher 
levels of internalizing symptoms.
Method
Participants
Participants were 96 adolescents (47 females, Mage = 17.19 years, SD = 0.15, age range: 16.83-17.70 
years). Four did not complete the tasks following the stress induction and were excluded from the 
analyses, resulting in a sample of 92 participants for the current analyses (43 females, Mage = 17.19 
years, SD = 0.15, age range: 16.83-17.70 years). Two participants were excluded from the body sway 
analyses due to technical problems, and one was excluded from the symptomatology analysis because 
of missing questionnaire data. The participants were recruited as part of the 10th measurement wave 
of the Nijmegen Longitudinal Study (Niermann et al., 2015; van Bakel & Riksen-Walraven, 2002a). All 
of the 116 participants who are currently still participating in this longitudinal study were approached 
for participation. The current sample size reflects the number of participants agreeing to participate. 
This sample size can be considered large for a within-subject design in the stress literature (Dickerson 
& Kemeny, 2004). Participants took part in a 5-hour protocol that included a stress induction procedure 
as well as an unrelated fMRI session (see Figure S1 in Supplemental Material [SM] for an overview of the 
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tasks). Because of the known effects of menstrual cycle on stress hormones, the female participants 
(28 of them were on oral contraceptives) were tested outside the menstrual phase. The protocol was 
approved by the regional medical ethics committee (CMO Arnhem-Nijmegen, the Netherlands). Prior 
to testing, participants and their parents gave informed assent and informed consent, respectively. 
Participants were financially reimbursed for their participation.
Procedure
To obtain reliable saliva assessments, participants were asked to refrain from eating or drinking 
(except for water) 45 min before the start of the experiment, and to reduce smoking and the 
consumption of coffee, tea, soft drinks, chocolate, and alcohol as much as possible on the day of 
testing. Additionally, participants were asked to not perform any heavy physical exercise for at 
least 2 hours prior to the experiment. All participants were tested after noon, with 28 participants 
starting at 12 pm and 64 starting at 5 pm. All participants consumed a standardized meal and glass 
of water approximately 30 min prior to the first basal physiological measurements (blood pressure 
and heart rate), and subjective and saliva measurements. After assessment of these first basal stress 
measurements, participants were instructed to stand on the stabilometric force platform for the 
first administration of the Emotional Face Task (EFT; pre). The second and third administrations of 
the EFT followed immediately after a physical and social-evaluative stress test (Post1) as well as at 
approximately +55 min (Post2; see Figure 1A) when the acute stress responses should be back to 
baseline (Hermans et al., 2014). Physiological and subjective stress measurements were assessed 
again prior to and immediately after the stress induction, as well as at approximately +19, +30, 
+40, and +55 min after stress onset. Saliva samples were collected at the same time points, except 
immediately after the stress induction to ascertain that participants remained in an acute stress state 
during the second EFT (Post1). Participants also performed a set of decision-making tasks before 
and after the stress induction (see Figure S1 in SM). The behavioral part lasted approximately 2.5 
hours. Within one to two weeks after participation, participants and their parents completed online 
questionnaires of internalizing and externalizing symptomatology at home.
Emotional Face Task 
To assess adolescent freezing behavior, we used a well-established Emotional Face Task (EFT: 
Niermann et al., 2015; Roelofs, Hagenaars, et al., 2010) administered on a stabilometric force platform 
that measures spontaneous fluctuations in body sway during passive picture-viewing of angry, 
happy, and neutral faces. Electrocardiographic (ECG) recordings were collected simultaneously.
Participants were instructed to stand quietly on the stabilometric force platform and to passively look 
at happy, angry, and neutral faces. We presented the faces in three blocks, each consisting of 20 face 
stimuli from the same emotional category (presentation time of each face was 3 sec). Block and stimuli 
orders were randomized between participants. Within-participant block order was maintained across 
the presentation of the 3 tasks. Before the first EFT, participants completed a short (1 minute) practice 
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block presenting letters instead of faces. For a detailed description of the instructions and the emotional 
face-viewing paradigm, see Niermann et al. (2015). One participant felt dizzy during the first EFT (Pre), 
and five participants reported some dizziness during the second EFT (Post1). After a short break, they 
repeated the task; for these participants, the data from the repeated task were used in the analyses. 
Stress induction and measurements
We used the standardized Maastricht Acute Stress Test (MAST; Smeets et al., 2012), administered by 
an unfamiliar male experimenter, to induce moderate levels of stress. The protocol employs physical 
and social-evaluative stressors and consists of a 5-minute instructional and anticipation phase 
followed by a 10-minute stress induction phase, in which participants were instructed to immerse 
their left hand into ice-cold water (0.2 – 2.1°C; 5 trials of either 60 or 90 sec), alternated by trials in 
which they were instructed to count backwards in steps of 17 from 2043 or a similar high number 
determined by the experimenter (4 trials of either 45, 60, or 90 sec). At all times, participants were 
allowed to remove their hand from the water and/or stop the entire stress induction procedure (12 
participants stopped the procedure, but continued with the ensuing tasks; these participants were 
included in all data analyses). 82% of our participants showed a cortisol increase of at least 1.5 nmol/l 
in response to the stress induction (Miller, Plessow, Kirschbaum, & Stalder, 2013), which falls in the 
normal range of responding (Quaedflieg, Meyer, van Ruitenbeek, & Smeets, 2016). After the stress 
induction, participants were allowed to put their hand into lukewarm water for approximately 1 
minute to warm up their hand, which also served to prevent additional hand movements during the 
following task. Two participants requested something to eat because they felt some weakness during 
the experiment; they received a small sweet to remedy this. Although physiological and behavioral 
data did not show any differences between these two participants and the other participants, we 
checked whether results remained the same when they were excluded, which was the case.
Stress measurements
To ascertain successful stress induction, physiological (blood pressure and heart rate), hormonal 
(cortisol and alpha-amylase), and subjective measures were collected throughout the behavioral 
assessment. Saliva samples were collected six times by passive drool of approximately 1 ml (see 
Figure 1A). They were frozen and stored at -20 °C until analysis. Salivary concentrations were 
measured using commercially available chemiluminescence immunoassay with high sensitivity (IBL 
International, Hamburg, Germany). The intra and inter-assay coefficients for cortisol were below 8%. 
One participant had no reliable cortisol sample at -43 min. See Appendix S1 in SM for a detailed 
description of the remaining measurements.
Internalizing symptoms
Internalizing symptoms were assessed with the self- and parent-report Social Anxiety Scale for 
Adolescents (SAS; La Greca & Stone, 1993; M = 39.03, SD = 11.13, range: 18-75 and M = 31.70, SD = 
11.87, range: 18-67, respectively; 17% and 8% of our participants, respectively scored in the clinical 
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range [cutoff = 50]; observed α was .92 and .94, respectively) and the parent-report internalizing 
subscale of the Child Behavior Checklist (CBCL 4-18 years; Achenbach, 1991; M = 5.92, SD = 6.16, 
range: 0-29; 19% of our participants scored in the subclinical to clinical range [cutoff T-score = 60]; 
observed α was .88). As the total scores on these three scales were positively correlated (rs ranging 
from .26 to .61; ps < .05) and in order to reduce the number of comparisons, we computed an overall 
internalizing score (M = 0.00, SD = 0.80, range: -1.23-3.02; α = .95, based on all items of the three scales) 
by averaging the standardized total scores (higher scores indicating higher levels of internalizing 
symptoms). One participant did not fill out the self-report SAS. For this participant, we computed the 
average of the other two available scales. Externalizing symptoms were assessed (see Appendix S2 
and S6 in SM) to explore a possible association of freezing with aggression-related behavior.
Data analysis
Posturography during EFTs 
Using Brainvision Recorder, a time series of deviations from participants’ center-of-pressure (COP) in 
both the anterior-posterior (AP) and mediolateral (ML) direction was recorded by four force sensors 
(one in each corner) of the stabilometric force platform (dimensions: 50 cm x 50 cm; sampling 
frequency: 5000 Hz, down-sampled to 200 Hz prior to analysis; 1 mm accuracy). Posturographic 
analyses were conducted in MATLAB (MathWorks, Natick, MA, USA) using a 10 Hz low-pass and a 0.1 
Hz high-pass filter. As an indicator for postural (im)mobility, we determined participants’ variability 
in body sway during each 1-minute presentation block of facial emotional expressions from the 
same emotional category by computing the standard deviation of the COP in the AP direction (SD-
AP; see Niermann et al., 2015 for a detailed description). 
Heart rate during EFTs
Mean heart rate in beats per minute (BPM) was determined with Brainvision (Analyzer 2.0) separately 
for each participant for each of the three emotional blocks of each EFT viewing.
Cortisol
Prior to analyses, individual cortisol values were log-transformed to reduce skew. Basal cortisol was 
determined by taking the mean cortisol value for each participant of the two assessment points 
before stress (untransformed M = 8.55, SD = 5.67). One participant did not provide a reliable saliva 
sample at -43 min prior to stress, therefore only the cortisol value immediately prior to stress was used 
as an indicator of this participant’s basal cortisol level. Another participant showed an unexpected 
increase in cortisol at -6 min (z-score > 3). Prior to the calculation of mean basal cortisol, the impact 
of this outlier was reduced by estimating his cortisol level based on the expected percentage of 
increase/decrease in the corresponding assessment point for his gender. We determined stress-
induced cortisol levels by calculating the area under the curve with respect to increase (AUC; 
Pruessner, Kirschbaum, Meinlschmid, & Hellhammer, 2003) for the assessment points at -6, +19, +30, 
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+40, and +55 min. As indicated, one participant showed an unexpected increase in cortisol at -6 
min, and another an unexpected decrease in cortisol at +40 min (z-score > 3). Prior to the calculation 
of AUC, the impact of these outliers was reduced as reported.1 
Statistical analyses
All analyses were conducted in R (version 3.3.2; R Core Team, 2016). The main analyses used a 
linear mixed-effect models approach with the lmer function (lme4 package; version 1.1.10; Bates, 
Maechler, Bolker, & Walker, 2015). The repeated-measures nature of the freezing data (i.e., indicated 
by heart rate and body sway changes during the EFT viewings) was taken into account by including 
a per-participant random intercept and by modeling all within-subject predictors (i.e., categorical 
variables of Time [Pre, Post1, Post2], Emotion [happy, angry, neutral faces], and of Block order [1, 2, 
3]) not only as fixed effects but where appropriate also as random slopes varying across participants 
(all possible random correlation terms were also included). This represents a “maximal” random 
effects structure as recommended by Barr, Levy, Scheepers, and Tily (2013) to avoid inflated Type-
1 errors. P-values were determined using Likelihood Ratio Tests, using the function mixed of the 
package afex (Singmann, Bolker, & Westfall, 2015). Linear mixed-effect models were also used to 
determine the success of the stress induction. Correlations were run to test whether stress-induced 
freezing behavior was associated with HPA-axis activity and internalizing symptoms.
Results
Stress manipulation checks
The stress induction was successful as indicated by significant increases on all stress measurements 
(cortisol, subjective stress, blood pressure, heart rate, and alpha-amylase) at time points after stress 
induction compared to before (see Figure 1A for cortisol). A linear mixed-effect model with linear 
and quadratic effects of Time, Gender (males, females on oral contraceptives, females not on oral 
contraceptives), and Time-of-day (early, late) as additional predictors showed linear, χ2(1) = 24.85, p 
< .001, and quadratic, χ2(1) = 51.72, p < .001), effects of Time on cortisol. Results for the other stress 
measurements are displayed in Appendix S3 in SM.
Stress-induced freezing
Stress resulted in increased freezing behavior as indicated by reductions in heart rate and body 
sway. A linear mixed-effect model predicting heart rate from fixed effects of Time (Pre, Post1, Post2), 
Emotion (angry, happy, neutral faces), and Block order (1, 2, 3), all possible two-way and three-way 
interactions, and all possible random effects, showed main effects of Time, χ2(2) = 87.44, p < .001, 
and Block order, χ2(2) = 138.94, p < .001, and a Time × Block order interaction, χ2(4) = 31.73, p < 
1 Similar results for the analyses regarding basal and stress-induced cortisol were found when these 
outliers were not adjusted.
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Figure 1 | Panel A: Stress induction by the Maastricht Acute Stress Test led to significant increases in cortisol. The timing and 
duration of the stress induction is shown in the figure by a red bar, including the instruction/anticipation and stressor phase. The 
timing of the freezing assessments relative to stress onset is shown by means of blue squares. Panel B and C: Display of mean heart 
rate (in BPM) and body sway (in mm) of all participants before (Pre), immediately after (Post1), and +55 min after stress (Post2). 
Stress resulted in decreases in heart rate after stress compared to before, which was accompanied by relative reductions in body 
sway. Error bars represent 95% confidence intervals (*p < .05, **p < .01, ***p < .001).
.001. Tukey-corrected post-hoc comparisons of the main effect of Time indicated that heart rate 
decreased from Pre to Post1, followed by a slight increase at Post2 (see Figure 1B and Appendix 
S4 in SM for results of the full model as well as the post-hoc comparisons of the Time × Block order 
interactions). This suggests that stress induced a relative reduction in heart rate. To investigate 
whether such a decrease was indeed a common pattern among our participants, we computed 
how many participants showed a reduction of at least 1 BPM: we found that 92% of our participants 
showed such a reduction in heart rate from Pre to Post1, indicating that it was a common pattern. In 
addition, 54% of these participants showed an increase in heart rate (> 1 BPM) from Post1 to Post2, 
while 46% of these participants showed a further decrease (> 1 BPM) or no change (< 1 BPM) in 
heart rate from Post1 to Post2. Figure S6 in Appendix S5 in SM shows each participant‘s individual 
heart rate trajectory across the three time points (Pre, Post1, Post2). 
Similar stress effects were found predicting body sway: Time: χ2(2) = 10.64, p = .005; Block order: χ2(2) 
= 7.43, p = .024; Time × Block order: χ2(4) = 16.94, p = .002. Tukey-corrected post-hoc comparisons 
of the main effect of Time demonstrated that body sway decreased steadily from Pre to Post2 (see 
Figure 1C and Appendix S4 in SM).
HPA-axis activity, freezing, and internalizing symptoms
To investigate whether stress-induced freezing and its recovery were associated with HPA-axis 
activity and internalizing symptoms, we first calculated two difference scores indicating immediate 
stress-induced freezing and freezing recovery, respectively. Immediate stress-induced freezing was 
calculated by subtracting heart rate at Post1 from the same measurement before stress (Pre; see 
Figure 1B), with higher immediate stress-induced freezing scores indicating stronger freezing 
responses immediately after stress induction compared to before. Freezing recovery was calculated 
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by subtracting heart rate at Post1 from heart rate at Post2, with higher freezing recovery scores 
indicating stronger recovery one hour after stress induction, compared to immediately after stress. 
For body sway, the same difference scores were calculated. 
Correlational analyses (see Table S2 and S3 for the full correlation matrix) showed that basal cortisol 
was positively associated with immediate stress-induced freezing (r = .22, p = .032, 95% CI [.02, .41], 
Figure 2B)2 and freezing recovery (r = .34, p = .001, 95% CI [.15, .51], Figure 2C). Internalizing symptoms 
were negatively associated with freezing recovery (r = -.21, p = .042, 95% CI [-.40, -.01]), but not with 
immediate stress-induced freezing (r = .03, p > .250, 95% CI [-.18, .24]). These correlational results for 
stress-induced freezing were observed for heart rate, but not for body sway. No such results were 
found for reactive cortisol (AUC, see Appendix S6 in SM). Control analyses (see Appendix S7 in SM for 
results of all control analyses) showed that internalizing symptoms varied by Gender (male, female; 
t(81.42) = 3.30, p = .001; 95% CI [0.21, 0.85]), whereas basal cortisol varied by Time-of-day (early, late; 
t(51.86) = 2.46, p = .017, 95% CI [0.04, 0.42]). Importantly, the associations between freezing recovery 
and internalizing symptoms as well as between stress-induced freezing and basal cortisol remained 
significant when controlling for Gender and Time-of-day respectively (see Appendix S7 in SM).
Based on these correlational results, we ran a path analysis within the lavaan package (Yves, 2012)3 
to examine whether freezing behavior, as indicated by heart rate, showed an indirect pathway 
between basal cortisol and internalizing symptoms. The model explained 10% of the variance in 
internalizing symptoms and revealed an indirect mediation path via freezing recovery (indirect: b 
= -0.25, z = -2.27, 95% CI [-0.46, -0.03]), but not via immediate stress-induced freezing (indirect: b = 
0.09, z = 1.02, 95% CI [-0.08, 0.26]). This path indicated that basal cortisol was positively associated 
with freezing recovery, which in turn was negatively associated with internalizing symptoms (see 
Figure 2D). Individuals with lower levels of basal cortisol showed decreased freezing recovery, which 
in turn was associated with more internalizing symptoms. This indirect mediation path remained 
significant when Gender (male, female; b = -0.25, z = -2.40, 95% CI [-0.44, -0.04]) and Time-of-day 
(early, late; b = -0.26, z = -2.35, 95% CI [-0.46, -0.04]) were included separately as control variables. 
Please note that we did not observe a direct association between basal cortisol and internalizing 
symptoms, neither when they were tested separately (r = .08, p > .250, 95% CI [-.13, .28]) nor when 
taking the dynamical aspects of freezing reactivity into account (Figure 2D).
2 The positive association between immediate stress-induced freezing and basal cortisol remained 
when 5 multivariate outliers were excluded (r = .27, p = .011, 95% CI [.06, .46]).
3 As recommended by Shrout and Bolger (2002), we determined bootstrapped standard errors and 
bootstrapped 95% confidence intervals. 
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Discussion
The aim of this study was to investigate whether stress-induced freezing can be observed in human 
adolescents and whether freezing reactivity is associated with HPA-axis activity and internalizing 
symptoms. Similar to findings in animals, we observed stress-induced freezing in adolescents, 
quantified by a relative reduction in heart rate and body sway after stress compared to before. 
Additionally, basal cortisol levels were positively associated with immediate freezing as well as with 
subsequent freezing recovery as reflected in heart rate. Importantly, a path analysis indicated that 
individuals with lower levels of basal cortisol showed less freezing recovery and in turn increased 
levels of internalizing symptoms. These results support the notion that HPA-axis activity plays a crucial 
role in the expression of stress-induced freezing behavior in humans, which may be a promising 
marker for internalizing symptoms.
This is the first study establishing a potential association between HPA-axis functioning and an 
objective measure of stress-induced freezing in humans: relatively higher levels of basal cortisol 
were associated with relatively increased freezing reactivity (i.e., increased immediate stress-induced 
freezing followed by successful recovery). This result is consistent with findings from research 
in animals, suggesting an important role of the HPA-axis in the expression of freezing behavior 
(Corodimas et al., 1994; Kalin et al., 1988; Roozendaal et al., 1996; Sherman & Kalin, 1988; Takahashi & 
Rubin, 1993). The fact that cortisol was not only related to the acute expression of freezing, but also 
to its timely termination, supports the notion that the HPA-axis plays a critical role in the optimization 
of behavioral responses as part of adequate stress coping (de Kloet et al., 1999; Oitzl et al., 2010). 
The importance of flexibility in the stress system—characterized by an immediate response to acute 
stress and timely termination of the stress response (Hermans et al., 2014; McEwen & Gianaros, 
2011)—was further supported by the observation that reduced freezing recovery but not immediate 
freezing was associated with increased levels of internalizing symptoms. Most interestingly, freezing 
recovery formed an indirect pathway from HPA-axis activity to internalizing symptoms. This finding 
supports the potential role of flexibility in defensive stress reactions for adequate stress coping and 
is particularly interesting in light of clinical research suggesting an association between freezing 
and the development of posttraumatic stress symptoms (Bovin et al., 2008; Hagenaars et al., 2014; 
Kozlowska et al., 2015). Posttraumatic stress disorder has been associated consistently with reduced 
basal cortisol levels (Jacobson, 2014; Zaba et al., 2015) and with reports of prolonged immobility 
reactions to stress (Bovin et al., 2008; Kozlowska et al., 2015). Although immediate freezing is 
generally considered adaptive, reduced freezing recovery may reflect individuals’ reduced flexibility 
to adequately cope with the immediate stressor (Buss & Larson, 2000; Hagenaars et al., 2014; 
Kozlowska et al., 2015). Together, these findings suggest that less freezing recovery combined with 
lower basal cortisol levels may increase an individual’s vulnerability to stress and anxiety-related 
behavior problems. 
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A few interpretational issues should be discussed. First, our observed decreases in heart rate were 
relatively large compared to previous studies in which freezing was elicited by more subtle threats 
such as angry faces (Roelofs, Hagenaars, et al., 2010). For example, Roelofs, Hagenaars, et al. (2010) 
found mean heart rate reductions of 4.49 BPM in response to angry vs happy faces compared to the 
mean heart rate reduction of 8.60 BPM (Figure 2A) in response to the stress induction in the current 
study. Interestingly, in our main analyses we observed no effects of emotional facial expressions on 
freezing behavior, neither before nor after stress. It is tempting to speculate that the absence of these 
effects might result from stress anticipation and the subsequent experience of stress, wiping out the 
usually subtle effects of face valence. Although such mechanisms may have suppressed emotion 
effects at the group level, additional correlational results demonstrate that individual differences 
in threat-related reduction in heart rate were correlated to individual differences in threat-related 
reduction in body sway in response to angry vs neutral faces before the stress induction (see Appendix 
S8 in SM), as was observed previously (Niermann et al., 2015).
Second, our stress manipulation induced reductions in both heart rate and body sway, while only heart 
rate reductions were associated with basal cortisol levels and internalizing symptoms. Interestingly, 
Gladwin et al. (2016) also found that heart rate was more sensitive to threat manipulations than body 
sway, suggesting that heart rate might be more sensitive to individual differences in HPA-axis activity 
and symptomatology than body sway.
Third, research in animals (de Boer, Slangen, & van der Gugten, 1990; Kalin, Shelton, Rickman, & 
Davidson, 1998) has suggested that both basal and stress-induced cortisol levels are associated with 
freezing behavior. Basal activity of the HPA-axis has been shown to be regulated by mineralcorticoid 
receptors (MR), setting the threshold for onset of a stress response, while glucocorticoid receptors 
(GR), which bind with a 10-fold lower affinity, have been shown to facilitate the offset of a stress 
response (de Kloet, Joels, & Holsboer, 2005; Reul & de Kloet, 1985). The finding that basal but not 
stress-induced cortisol levels were associated with stress-induced freezing and freezing recovery 
may suggest that our cortisol associations are largely MR mediated, though future investigations 
using specific MR and GR blockers are needed to test the relative contribution of MR and GR in 
human freezing reactions. To the best of our knowledge, only one other human study addressed the 
associations among freezing, basal, and stress-induced cortisol levels: Buss et al. (2004) found that 
increased signs of children’s freezing behavior to a threatening situation (a stranger approaches the 
child) were associated with basal and stress-induced cortisol levels. In our study, we only observed 
an association between stress-induced freezing and basal cortisol levels. Several methodological 
differences might account for these different findings, including the participant sample (children 
vs adolescents), freezing assessment (observation vs heart rate/body sway), and stress induction 
(approaching stranger vs social-evaluative and physical stressor). Thus, although the role of the 
HPA-axis is well-established in freezing behavior in animals, future replication studies are needed to 
investigate the exact role of distinct HPA-axis functions in freezing behavior in humans.
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Fourth, because our study was part of a longitudinal study we could not include a non-stress 
condition in half of the participants. Therefore, we should consider the alternative interpretation that 
the observed changes in freezing were a consequence of simple task repetition rather than an effect 
of stress manipulation. We regard this as highly unlikely because there was no monotonic decline in 
heart rate as a function of the three task administrations, arguing against a simple task repetition effect. 
The drop in heart rate only occurred immediately after the stressor (i.e., between task administrations 
1 and 2), but not after a subsequent non-stress delay (i.e., between task administrations 2 and 3; 
there was no further decrease, but an overall increase; Figure 2A). Nevertheless, future studies should 
include a non-stress condition to control for order effects.
Fifth, the participants in this study were adolescents. Adolescence is characterized by a number of 
neuroendocrine and social-emotional changes (Blakemore, Burnett, & Dahl, 2010; Romeo, 2010) and 
therefore considered a sensitive period for the development of internalizing symptoms (McLaughlin 
& King, 2015). However, we cannot make any inferences regarding the specificity of our results 
for adolescence as we cannot compare them to another age group. Future studies should repeat 
the current study in other age groups to investigate whether the observed effects are specific for 
adolescence.
Sixth and finally, it would be interesting for future studies to assess changes in perceptual sensitivity 
associated with freezing. Research with both humans and rodents suggests that freezing facilitates 
the perceptual system to detect threatening stimuli (Blanchard et al., 2011; Lojowska et al., 2015). 
Such a mechanism may modulate the association between freezing recovery and internalizing 
symptoms (Hermans et al., 2013). Prolonged freezing may enhance individuals’ vigilance for threat 
cues, promoting a vicious circle in which attention is drawn to negative stimuli. Although speculative, 
it has been argued that such a threat bias in turn may facilitate appraisal and encoding of adverse 
events as well as further enhancement of sensory vigilance which is characteristic of internalizing 
psychopathology (Mathews & MacLeod, 1994; Williams, Mathews, & MacLeod, 1996).
In conclusion, this study provided a novel setup that enabled us to show that humans, like animals, 
display stress-induced freezing behavior. Lower levels of basal cortisol were associated with reduced 
freezing reactivity, both in terms of reduced immediate stress-induced freezing and reduced 
recovery. Individuals with lower levels of basal cortisol showed decreased freezing recovery, and 
in turn increased levels of internalizing symptoms. These findings support the notion that HPA-
axis activity plays a crucial role in the expression of human freezing behavior, and that less freezing 
recovery may be a promising marker for the etiology of internalizing symptoms. As this is the 
first study investigating the relation between human freezing, HPA-axis activity, and internalizing 
symptoms, the current results should be seen as tentative until replicated. Nevertheless, the current 
setup clearly opens the way for testing mechanistic accounts of stress-induced freezing responses in 
human psychopathology.
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Appendix S1 | Stress measurements
Physiological measurements (blood pressure and heart rate)
Blood pressure was measured with an electrical sphygmomanometer at approximately -43, and -6 
min before stress onset as well as at approximately +10, +19, +30, +40, and +55 min after stress 
onset. Heart rate was assessed continuously throughout the behavioral assessment procedure 
using electrocardiography. One-minute intervals, starting after each blood pressure assessment, 
were chosen to determine participants’ heart rate (beats per minute; BPM) in response to stress. 
Subjective measurements
At the same time points as the physiological assessments, participants also rated their level of 
subjective stress on 7 self-report items (answer scale ranging from 0 to 100), assessing “How 
[stressed, tense, nervous, irritated, angry, anxious, happy] do you feel right now?”. We formed a self-
report scale that included all items except the one assessing happiness as it reduced Cronbach’s 
Alpha across all measurement points (α range including happy: .51 - .77; α range excluding happy: 
.70 - .86). 
Alpha-amylase
Concentration of alpha-amylase was measured by an enzyme kinetic method, as previously 
described (Rohleder, Wolf, Maldonado, & Kirschbaum, 2006). Two participants had no alpha-amylase 
sample at -43 min and one participant had no alpha-amylase sample at +55 min. 
Appendix S2 | Externalizing symptoms
Externalizing symptoms were measured using the self-report Reactive-Proactive Aggression 
Questionnaire (RPQ; Raine et al., 2006; M = 6.52, SD = 4.26, range: 0-25; α = .82 in our study), the self-
report Buss and Perry’s Aggression Questionnaire (AVL-AV; Bryant & Smith, 2001; Hornsveld, Muris, 
Kraaimaat, & Meesters, 2009; M = 17.95, SD = 6.98, range: 12-47; α = .85 in our study), and the parent-
report externalizing subscale of the Child Behavior Checklist (CBCL, 4-18 years, Achenbach, 1991; M = 
4.60, SD = 5.49, range: 0-39; α = .89 in our study).4 As for the internalizing scales reported in the main 
text, the total scores of these three externalizing scales were positively correlated (rs ranging from 
.38 to .52, all ps < .001), and we thus calculated an overall externalizing score (M = 0.00, SD = 0.80, 
range: -1.00-4.92; α = .91 when included all items corresponding to the three externalizing scales) by 
averaging the standardized total scores, with higher scores indicating higher levels of externalizing 
symptoms. Three participants did not fill out the RPQ and AVL-AV. For these participants, we used 
only the externalizing subscale of the CBCL. 
4 Due to technical problems, one item of the Reactive-Proactive Aggression Questionnaire (RPQ) 
was missing for each participant. 
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Appendix S3 | Stress manipulation checks
To investigate whether the stress induction was successful, separate mixed-effect models were 
conducted for each stress measurement. Each model examined the polynomial (linear and quadratic) 
effect of Time on the stress measurements. The quadratic Time effect was of main interest as we 
expected an increase of subjective stress, heart rate, systolic blood pressure, and diastolic blood 
pressure immediately after the stressor followed by a decrease on the first-follow up measurement. 
In contrast to other stress measurements, cortisol was expected to peak at approximately 30 min 
after stress onset (Dickerson & Kemeny, 2004). As no polynomial effect of Time was expected for 
alpha-amylase, Helmert contrasts were used to test whether alpha-amylase was significantly 
increased at +19 min after stress in comparison to the average of alpha-amylase before stress.
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Figure S2 | Stress induction by the Maastricht Acute Stress Test (MAST) led to significant increases in (A) subjective stress, (B) 
alpha-amylase, (C) systolic blood pressure, and (D) diastolic blood pressure. Error bars represent 95% confidence intervals. The 
timing and duration of the stress induction is illustrated in the figures with a gray bar, including the instruction/anticipation and 
stressor phase.
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The effect of Time on subjective stress and systolic blood pressure showed a significant linear (χ2(1) 
= 21.64, p < .001 and χ2(1) = 4.49, p = .034) as well as quadratic trend (χ2(1) = 46.07, p < .001 and χ2(1) 
= 61.56, p < .001), whereas for diastolic blood pressure we only found a quadratic (χ2(1) = 68.44, p < 
.001), but no linear Time effect (χ2(1) = 2.28, p = .131). Alpha-amylase at +19 min was significantly 
higher than the average of alpha-amylase before stress (χ2(1) = 4.31, p = .038). All stress measurements 
reached their expected peak after stress (Figure S2), showing a successful stress induction.
For heart rate, we also found the expected quadratic Time effect (χ2(1) = 9.95, p = .002; linear: 
χ2(1) = 0.85, p > .250).5 However, heart rate did not show the expected peak after stress, instead, 
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Figure S3 | Heart rate is displayed both during the behavioral assessment procedure (larger graph) as well as during the 
various stress induction intervals of the Maastricht Acute Stress Test (inset graph; Instr = Instruction; HI = Hand Immersion; CT = 
Counting). As illustrated, heart rate increased from the instruction/anticipation phase to the first hand immersion trial of the stress 
induction. During the remaining trials of the stress induction, heart rate decreased again towards basal level. Error bars represent 
95% confidence intervals. The timing and duration of the stress induction is illustrated in the figure with a gray bar, including the 
instruction/anticipation and stressor phase.
5 We obtained a convergence warning for the submodel to estimate the significance of the quadratic 
effect of Time on heart rate. We carefully checked this warning by comparing the Log Likelihood 
estimates for the model with the convergence warning when estimating it with a series of different 
optimizers. As the estimates from the models with the optimizers revealed very similar results, the 
original convergence warning can be treated as a false positive warning and the statistical results 
regarding the quadratic Time effect can be trusted.
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Figure S4 | Stress induction by the Maastricht Acute Stress Test (MAST) led to significant increases in cortisol. Cortisol responses 
are displayed separately for (i) all participants, (ii) male participants, (iii) female participants not taking oral contraceptives, and 
(iv) female participants taking oral contraceptives. Error bars represent 95% confidence intervals.
heart rate showed a decrease at +19 min (see Figure S3). When testing heart rate during the stress 
induction, operationalized as BPM for each stress induction trial (i.e., introduction/anticipation, 5 
hand immersion trials, 4 counting trials), a quadratic effect of Time was observed (χ2(1) = 14.41, p < 
.001; linear: χ2(1) = 1.10, p > .250; see Figure S3 inset), suggesting that although heart rate decreased 
after stress, it initially increased during the course of the stress test.
Control variables that are known to influence cortisol (i.e., Time-of-day [early, late] and Gender 
[males, females on oral contraceptives, females not on oral contraceptives]) were included in 
the cortisol model reported in the main text. When controlling for these variables, we found—
in addition to the linear and quadratic Time effect reported in the main text—also a Gender × 
quadratic Time interaction (χ2(2) = 14.56, p = .001), suggesting that female participants who do 
not take oral contraceptives showed the strongest cortisol response to the stressor, followed by 
male participants and female participants taking oral contraceptives (see Figure S4). A main effect 
of Time-of-day (early vs late) on cortisol was also observed (χ2(1) = 5.94, p = .015), suggesting that 
participants who participated earlier showed a general higher level of cortisol (M = 2.60, SD = 0.58) 
compared to participants who participated later (M = 2.35, SD = 0.62).
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Appendix S4 | Stress-induced freezing
In the main text, we reported the main results of two linear mixed-effect models for heart rate and 
body sway with fixed effects of Time (Pre, Post1, Post2), Emotion (angry, happy, neutral faces), and 
Block order (1, 2, 3), all possible two-way and three-way interactions, as well as all possible random 
effects. As described in the main text, the results suggested that stress can induce freezing behavior 
in terms of relative reductions in heart rate and body sway after compared to before stress. In Table 
S1, results of the full linear mixed-effect model are presented. To further investigate the Time × Block 
order interaction for both heart rate (χ2(4) = 31.73, p < .001) and body sway (χ2(4) = 16.94, p = .002), 
we conducted nine uncorrected post-hoc comparisons for each dependent variable of heart rate and 
body sway (i.e., comparing the Block order effect only within each Emotional Face Task [EFT] viewing). 
All task administrations showed a significant increase in heart rate across Blocks with heart rate of 
Block 1 < Block 2 < Block 3 (all ps < .01; see Figure S5). For body sway, participants showed an increase 
in body sway from Block 1 to Block 3 (p = .007) and from Block 2 to Block 3 (p = .064; see Figure S5) 
before stress. After stress, we did not find any differences in participants’ body sway across Blocks. 
Overall, the results of the Time × Block order interaction suggest that heart rate showed an overall 
increase across Blocks within each task. However, heart rate was overall reduced after stress, most 
pronounced immediately after stress. Body sway, instead, only increased across Blocks before, but 
not after stress, indicating a relative decrease in body sway after stress. The simultaneous relative 
reductions in heart rate and body sway after stress suggest a relative increase in freezing behavior 
after stress. Therefore, the results of the Time × Block order interaction, reported here, are in line 
with results of the main effect of Time reported in the main text, indicating freezing behavior after as 
compared to before stress. 
Table S1 | The effects of Time, Emotion, Block order, and their interactions on Body sway and Heart rate.
 
Model: Body sway Model: Heart rate
Effect χ2 (df) p χ2(df) p
Time χ2(2) = 10.64 .005** χ2(2) = 87.44 < .001***
Emotion χ2(2) = 0.64 > .250 χ2(2) = 0.49 > .250
Block order χ2(2) = 7.43 .024* χ2(2) = 138.94 < .001***
Time × Emotiona χ2(4) = 1.40 > .250 χ2(4) = 4.50  > .250
Time × Block order χ2(4) = 16.94 .002** χ2(4) = 31.73 < .001***
Emotion × Block order χ2(4) = 3.74 > .250 χ2(4) = 3.43 > .250
Time × Emotion × Block order χ2(8) = 7.73 > .250 χ2(8) = 8.87 > .250
 
Notes: *p < .05; **p < .01; ***p < .001; a We observed a convergence warning for the Time × Emotion interaction for heart 
rate. We carefully checked this warning by comparing the Log Likelihood estimates when using different optimizers for the model 
required to test the significance of the Time × Emotion interaction term. As the different optimizers revealed very similar results, the 
original convergence warning can be treated as a false positive and the statistical results regarding the Time × Emotion interaction 
can be trusted. 
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Figure S5 | The line graphs illustrate changes in heart rate and body sway as a function of Time (i.e., Emotional Face Task 
presented before [Pre], immediately after [Post1], and approximately +55 min after stress onset [Post2]) and Block order (i.e., 
1-3 min). Error bars represent 95% confidence intervals.
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Figure S6 | Panel A: Individual trajectories of heart rate (in BPM) for each participant (N = 92) are displayed before (Pre), 
immediately after (Post1), and +55 min after stress (Post2). For illustrative purposes only, individual trajectories of heart rate are 
separately displayed for three groups: Panel B shows the 46 individuals who showed a reactive freezing pattern in the form of a 
decrease in heart rate from Pre to Post1 (> 1 BPM), followed by a further increase in heart rate from Post1 to Post2 (> 1 BPM). 
The thin gray lines show the individual trajectories and the thick red line shows the average across the participants of the respective 
panel. Panel C shows the trajectories for the 39 individuals who showed an initial decrease in heart rate from Pre to Post1 (> 1 BPM) 
followed by a further decrease (> 1 BPM) or no change (< 1 BPM) in heart rate from Post1 to Post2. Panel D shows the trajectories 
of the 7 participants who showed an increase (rather than a decrease) in heart rate from Pre to Post1.
Appendix S5 | Individual trajectories of heart rate
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Table S2 | Correlational results (with 95% confidence intervals in parentheses) of immediate stress-induced heart rate (HR) deceleration, HR recovery, basal cortisol, stress-induced cortisol 
(illustrated by area under the curve with respect to increase; AUC), internalizing and externalizing symptoms. 
Im
m
ediate 
H
R reduction 
H
R recovery 
Basal cortisol
Cortisol A
U
C
a
Internalizing
Im
m
ediate H
R reduction
H
R recovery 
.56 [.40, .69]***
Basal cortisol
.22 [.02, .41]*
.34 [.15, .51]**
Cortisol AU
C
.08 [-.13, .28]
.11 [-.10, .31]
.55 [.38, .68]***
Internalizing
.03 [-.18, .24]
-.21 [-.40, -.01]*
.08 [-.13, .28]
-.05 [-.25, .16]
Externalizing
.03 [-.18, .24]
-.01 [-.21, .20]
.05 [-.16, .25]
-.07 [-.27, .14]
.19 [-.02, .38]
Notes: N = 91, * p < .05, ** p < .01, *** p < .001, a Similar non-significant correlations were observed when cortisol percentage increase and the area under the curve with respect to ground were 
explored as stress-induced cortisol values. 
Table S3 | Correlational results (with 95% confidence intervals in parentheses) of immediate stress-induced body sway (BS) reduction, BS recovery, basal cortisol, stress-induced cortisol 
(illustrated by area under the curve with respect to increase; AUC), internalizing and externalizing symptoms. 
Im
m
ediate 
BS reduction 
BS recovery 
Basal cortisol
Cortisol A
U
C
a
Internalizing
Im
m
ediate BS reduction
BS recovery
.53 [.36, .66]***
Basal cortisol
-.07 [-.28, .14]
.12 [-.10, .32]
Cortisol AU
C
-.19 [-.39, .01]
-.13 [-.33, .08]
.53 [.36, .66]***
Internalizing
-.02 [-.23, .19]
-.09 [-.30, .12]
.09 [-.12, .29]
-.06 [-.26, .15]
Externalizing
.10 [-.11, .30]
.13 [-.08, .33]
.05 [-.16, .26]
-.07 [-.27, .14]
.19 [-.02, .38]
 Notes: N = 89, * p < .05, ** p < .01, *** p < .001, a Similar non-significant correlations were observed when cortisol percentage increase and the area under the curve with respect to ground were 
explored as stress-induced cortisol values.
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Appendix S7 | Control variables 
Gender (male, female), Time-of-day (early, late), and Contraceptives (Yes, No) are variables that 
are known to influence stress responses (Dickerson & Kemeny, 2004). To investigate whether our 
key variables (basal cortisol; internalizing symptoms; immediate stress-induced freezing; freezing 
recovery, as reflected in heart rate) vary as a function of those variables, we conducted separate 
independent t-tests, testing for each of our key variables separately whether they differed as a 
function of Gender, Time-of-day, and/or Contraceptives. (We first tested whether the assumption 
of normality was violated or not; when they were violated, the results of the independent t-tests 
were compared to results obtained from a bootstrap test of independent means, which is a more 
robust estimate. No differences in statistical significance were observed. Therefore, we report only 
the results of the independent t-tests.) When the independent t-tests were significant, we further 
investigated whether the reported bivariate correlations in the main text would change when 
taking into account the control variables. We did so by using a regression approach. 
Gender
Internalizing symptoms varied as a function of Gender (t(81.42) = 3.30, p = .001; 95% CI [0.21, 0.85]), 
suggesting that female participants showed higher levels of internalizing symptoms (M = 0.28, SD = 
0.83) compared to male participants (M = -0.25, SD = 0.68). Importantly, when Gender was included 
in a regression model predicting internalizing symptoms from freezing recovery, the observed 
association between internalizing symptoms and freezing recovery remained significant (R2 = .17, 
F(3, 87) = 6.08, p = .001; Freezing recovery: t(87) = -2.39, p = .019; Gender: t(87) = 3.10, p = .003; 
Freezing recovery × Gender: t(87) = 1.00, p > .250). The other key variables did not differ as a function 
of Gender: no Gender differences were found for basal cortisol (t(84.80) = -0.41, p > .250, 95% CI 
[-0.22, 0.14]), immediate stress-induced freezing (t(82.99) = 1.32, p = .189; 95% CI [-1.01, 5.03]), or 
freezing recovery (t(85.30) = 0.44, p > .250, 95% CI [-1.83, 2.88]). 
Time-of-day
Basal cortisol varied as a function of Time-of-day (t(51.86) = 2.46, p = .017, 95% CI [0.04, 0.42]), suggesting 
that participants who participated earlier showed higher levels of basal cortisol (M = 2.29, SD = 0.42) 
compared to participants who participated later (M = 2.05, SD = 0.42). Importantly, when Time-of-day 
was included in two separate regression models predicting freezing behavior (as indicated by heart 
rate) from basal cortisol, the observed associations between freezing behavior and basal cortisol 
remained significant: (i) immediate stress-induced freezing (R2 = .10, F(3, 87) = 3.24, p = .026; Basal 
cortisol: t(87) = 2.55, p = .013; Time-of-day: t(87) = -1.81, p = .074; Basal cortisol × Time-of-day: t(87) = 
Appendix S6 | Correlational results of freezing, HPA-axis activity, and 
symptomatology
Correlational results of freezing, HPA-axis activity, and symptomatology are separately displayed for 
the two freezing characteristics of heart rate and body sway in Table S2 and S3, respectively. 
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2.01, p = .047), and (ii) freezing recovery (R2 = .16, F(3, 87) = 5.41, p = .002; Basal cortisol: t(87) = 3.90, p < 
.001; Time-of-day: t(87) = -1.97, p = .052; Basal cortisol × Time-of-day: t(87) = 2.00, p = .049). Please note, 
however, that we also observed an interaction effect between Time-of-day and basal cortisol on stress-
induced freezing, suggesting that the observed association between basal cortisol and stress-induced 
freezing was stronger during early than during late appointment times. One possible, speculative, 
explanation is that this interaction effect is due to higher variability in cortisol during early compared to 
late assessment hours (Dickerson & Kemeny, 2004). The other key variables did not differ as a function 
of Time-of-day: no differences in Time-of-day were found for internalizing symptoms (t(54.30) = -0.51, 
p > .250; 95% CI [-0.45, 0.27]), immediate stress-induced freezing (t(38.82) = 1.20, p = .238; 95% CI [-1.54, 
6.03]), or freezing recovery (t(39.26) = 0.70, p > .250 , 95% CI [-1.92, 3.96]). 
Contraceptives
For the analysis of contraceptive use, we ran separate t-tests within our female sample to analyze 
whether the use of contraceptives might have influenced our key variables. No differences in 
Contraceptives were found for basal cortisol (t(29.82) = -0.25, p > .250 , 95% CI [-0.33, 0.26]), 
internalizing symptoms (t(25.27) = 0.94, p > .250; 95% CI [-0.31, 0.84]), immediate stress-induced 
freezing (t(36.45) = -1.33, p = .193; 95% CI [-7.57, 1.58]), or freezing recovery (t(34.63) = -0.97, p > .250, 
95% CI [-5.30, 1.88]). 
Appendix S8 | Body sway and heart rate in response to angry vs neutral faces 
We wanted to investigate whether we could replicate an effect we found earlier in Niermann et al. 
(2015). In that study, we had observed that the threat-related reduction in body sway in response 
to angry vs neutral faces was correlated with a threat-related reduction in heart rate for the same 
emotional contrast. To investigate whether this previously found relation replicates in the current 
study, we computed for each EFT administration the correlation between body sway and heart rate 
difference scores for the emotional contrast of angry vs neutral faces. In Niermann et al. (2015) we 
observed a significant correlation of r = .26 (p = .023) between the reduction of body sway for angry vs 
neutral faces and the heart rate reduction for angry vs neutral faces. In the current study, we observed 
a very similar relation before stress, r = .28, p = .007, 95% CI [.08, .46]. This indicates that the threat-
related reduction in body sway was accompanied by a threat-related reduction in heart rate for angry 
vs neutral faces. However in both task administrations after stress, the reduction of body sway for 
angry vs neutral faces was not related to a heart rate decrease for angry vs neutral faces (immediately 
after stress: r = -.04, p > .250, 95% CI [-.24, .17]; +55 min after stress: r = -.06, p > .250, 95% CI [-.26, .15]). 
Similar results were observed when multivariate outliers were excluded (based on a Mahalanobis 
distance > 7.38 [Varmuza & Filzmoser, 2009], resulting in 3, 2, and 4 multivariate outliers for Pre, Post1, 
and Post2, respectively: before stress: r = .32, p = .003, 95% CI [.12, .50]; immediately after stress: r = 
-.16, p = .125, 95% CI [-.36, .05]; +55 min after stress: r = -.15, p = .172, 95% CI [-.35, .06]). Together, these 
findings replicate the previously found association between threat-related reduction in body sway 
and heart rate in response to socially threatening vs neutral faces at rest. 
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Abstract
Freezing behavior, a commonly observed defensive stress response, shows relatively high stability 
over time in animals. Given the relevance of freezing for stress coping and human psychopathology, 
it is relevant to know whether freezing behavior is also stable in humans, particularly during 
adolescence, when most affective symptoms develop. In a prospective longitudinal study, we 
investigated freezing-like behavior in response to social threat in 75 adolescents at age 14, repeated 
three years later at age 17. We used a well-established method combining electrocardiography 
(ECG; heart rate) and posturography (body sway) in response to emotional picture-viewing of angry, 
happy, and neutral faces. We hypothesized that individual differences in freezing-like behavior in 
response to social threat—operationalized by contrasting angry vs neutral faces—would be relatively 
stable over time. Our results indeed showed relative stability between ages 14 and 17 in individual 
differences in freezing-like behavior in heart rate (r = .82), as well as in combined heart rate and body 
sway measures (r = .65). These effects were not specific for the angry vs neutral contrast; they were 
also visible in other emotion contrasts. Exploratory analysis in males and females separately showed 
stability in body sway specifically for angry vs neutral faces only in females. Together, these results 
suggest moderate to strong stability in human freezing-like behavior in response to social threat 
from mid to late adolescence (with exception for the body sway measure in males). This relative 
stability was not specific for threat-induction and may reflect a general stability that is particularly 
strong for heart rate. The fact that this relative stability was found over a relatively long time range of 
three years is promising for studies aiming to use freezing-like behavior as a marker for internalizing 
symptoms in adolescent development. 
Data availability
Data are available upon request from the Data Archiving and Networked Services (DANS): 
https://doi.org/10.17026/dans-z6v-r7tj
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Freezing is one of the main defensive responses to threat exposure, observed in various human 
and non-human species. It is characterized by bodily immobility and reduction in heart rate 
(Fanselow, 1984; Schenberg et al., 1993) and is generally thought to be an adaptive response by 
facilitating the selection of adequate coping responses, promoting perception, risk assessment, 
and action preparation (Blanchard et al., 2011; Gladwin et al., 2016; Lojowska et al., 2015; Roelofs, 
2017). However, deviations in freezing behavior—both in the form of absent or elevated levels 
of freezing—have been consistently associated with increased risk of developing internalizing 
symptoms (Adenauer et al., 2010; Bovin et al., 2008; Fragkaki et al., 2017; Kozlowska et al., 2015; 
Lopes et al., 2009; Niermann, Figner, Tyborowska, et al., 2017; Niermann et al., submitted; Roelofs, 
Hagenaars, et al., 2010). Despite the increased interest in freezing behavior as a predictor for 
internalizing symptoms over the past few years, it remains unknown whether in humans, 
freezing behavior is a defensive response that is stable over time (Niermann, Figner, & Roelofs, 
2017). In non-human species, threat-induced freezing has been observed to be relatively 
stable over time (Fox et al., 2008; Rogers et al., 2008). Testing whether freezing-like behavior is 
also stable in humans is particularly relevant for adolescence, a critical transition stage when 
individuals encounter many societal challenges, hormonal changes, and when most of the 
internalizing symptoms develop (Kessler et al., 2005; McLaughlin & King, 2015). Exposure to 
these challenges may increase adolescents’ risk to develop internalizing symptoms particularly 
in those adolescents who show altered freezing. The current study, therefore, tested the stability 
of freezing-like behavior in a prospective longitudinal investigation, following 75 adolescents 
from mid to late adolescence.
Upon threat exposure, both the sympathetic and parasympathetic branches of the autonomic 
nervous system (ANS) are activated, enabling fast onset of defensive freezing and fight-or-
flight responses. Whereas freezing is associated with dominance in parasympathetic activity, 
fight-or-flight reactions are enabled by parasympathetic withdrawal and sympathetic elevation 
(Kozlowska et al., 2015; Roelofs, 2017). The freezing response in particular has been linked to 
optimal selection of and preparation for appropriate active responses. It has, for instance, been 
linked to enhanced visual processing of coarse visual features as well as to action preparation 
in active threat paradigms (Gladwin et al., 2016; Lojowska et al., 2015; Roelofs, 2017). Studies 
in several nonhuman species have demonstrated relative stability and heritability of freezing 
responses (Fox et al., 2008; Rogers et al., 2008), with freezing developing early in life and being 
stable and mature during adolescence (Moriceau, Roth, Okotoghaide, & Sullivan, 2004). In line 
with this notion of freezing as a relatively stable response in animals, human freezing has been 
described as an important aspect of behavioral inhibition (Buss et al., 2004; Goldsmith et al., 
1987). Behavioral inhibition—a trait characterized by shyness, withdrawal, and increased anxiety 
in novel situations—is often regarded to be relatively stable, particularly among individuals 
displaying extreme behaviors (Fox, Henderson, Marshall, Nichols, & Ghera, 2005). However, 
whereas behavioral inhibition commonly entails a wide variety of behaviors, such as active 
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withdrawal and expression of negative affect (Fox et al., 2005), the assessment of freezing as 
a separate type of behavior enables a specific exploration of a parasympathetically dominated 
state relevant for stress coping (Hagenaars et al., 2014; Hermans et al., 2013; Kozlowska et al., 
2015; Lojowska et al., 2015; Roelofs, 2017). 
So far, freezing-like behavior has been objectively quantified mainly in adults, using a well-
established method combining electrocardiography (ECG) and posturography (e.g., Hagenaars 
et al., 2012; Roelofs, Hagenaars, et al., 2010). Only recently, it has been shown that these 
assessment methods can be used equally well to quantify freezing-like responses in developing 
populations, that are generally featured by lower body weight, which may affect the accuracy of 
subtle changes in body sway (Niermann, Figner, Tyborowska, et al., 2017; Niermann et al., 2015). 
Particularly adolescence—characterized by increased levels of internalizing symptoms (Kessler et 
al., 2005; McLaughlin & King, 2015)—is an important developmental period for investigating the 
stability of objectively quantified freezing responses in humans. Niermann, Figner, Tyborowska, 
et al. (2017), for example, found that those adolescents who showed prolonged freezing 
responses one hour after a standardized stress induction, had increased levels of internalizing 
symptoms. Therefore, we set out to assess freezing-like behavior in a prospective longitudinal 
study at ages 14 and 17, using these well-established electrocardiographic and posturographic 
methods. The use of a stabilometric force platform enabled us to assess subtle fluctuations in 
body sway combined with heart rate, in response to emotional picture-viewing of angry, happy, 
and neutral faces. A long tradition of research has indicated that passive viewing paradigms of 
aversive images—including angry faces as an indicator for social threat (Dimberg & Öhman, 
1996; Öhman et al., 2001)—resemble an animal’s post-encounter stage of threat, with freezing 
as its main defensive stress response (Azevedo et al., 2005; Hermans et al., 2013; Lang et al., 1997; 
Lang, Davis, & Öhman, 2000; Ly et al., 2017; Niermann et al., 2015; Roelofs, Hagenaars, et al., 2010). 
This research line first used only electrocardiographic measures, but later combined them with 
posturographic measures. This research shows that reduction in heart rate in response to threat 
is significantly correlated to body sway reductions (Niermann, Figner, Tyborowska, et al., 2017; 
Niermann et al., 2015; Roelofs, Hagenaars, et al., 2010). In addition to this behavioral validation of 
freezing, neuroimaging studies demonstrated trial-by-trial correlations between threat-induced 
heart rate reductions and increased activity in neural defense structures, including the midbrain 
periaqueductal gray and its connection to the amygdala (Hermans et al., 2013). Based on these 
previous findings, we predicted that individual differences in freezing-like behavior in response 
to social threat, operationalized by contrasting responses to angry vs neutral faces (Niermann et 
al., 2015; Roelofs, Hagenaars, et al., 2010), at age 14 would be positively associated with freezing-
like behavior in response to the same emotion contrast assessed three years later at age 17. 
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Method
Participants
Participants were recruited as part of the Nijmegen Longitudinal Study, which started with an 
original sample of 129 infants at 15 months of age and their families (Niermann, Figner, Tyborowska, 
et al., 2017; Niermann et al., 2015; van Bakel & Riksen-Walraven, 2002a). Freezing data were assessed 
in 79 participants at age 14 (Niermann et al., 2015; Mage = 14.63, SD = 0.18, range: 14.33-15.17, 51% 
female) and in 96 participants at age 17 (Niermann, Figner, Tyborowska, et al., 2017; Mage = 17.19, SD 
= 0.15, range: 16.83-17.70, 49% female). In total, 75 participants (49% female) yielded freezing data 
from both assessment points (due to technical problems, we do not have heart rate data for one 
of these participants at age 14, and for another participant we do not have body sway data at age 
17). In accordance with the Declaration of Helsinki, participants and their parents provided written 
informed assent and written informed consent, respectively. They were paid for their participation. 
The study was approved by the local ethics committee (CMO region Arnhem-Nijmegen, the 
Netherlands) and was carried out according to these guidelines. We preregistered the study at 
https://osf.io/y95qf/. 
Procedure and measures
Emotional Face Task (EFT) 
We assessed freezing behavior using an emotional face-viewing paradigm (Niermann, Figner, 
Tyborowska, et al., 2017; Niermann et al., 2015; Roelofs, Hagenaars, et al., 2010). To assess fluctuations 
in body sway, the Emotional Face Task (EFT) was administered while participants were standing on a 
stabilometric force platform. Simultaneously, ECG was recorded to assess heart rate: three heart rate 
electrodes were attached to the skin around the heart of the participants prior to testing. Next, we 
instructed participants to stand quietly on the stabilometric force platform and to passively watch 
happy, angry, and neutral faces from 20 models (10 male and 10 female) of the Karolinska Directed 
Emotional Faces database (Lundqvist et al., 1988). Each model expressed each of the facial emotional 
expressions, which resulted in a total of 60 pictures (20 pictures per face category). The faces were 
presented in three blocks. Each block consisted of 20 face stimuli from the same emotional category 
(3 sec presentation time for each face), which were presented consecutively without an inter-trial 
interval. Between blocks, there was an interval of 7 sec (5 sec black screen followed by 2 sec white 
fixation cross). We randomized block and stimuli orders between participants. Each participant 
received the same block order at age 17 as he/she did at age 14. For more details regarding the 
instructions and the emotional face-viewing paradigm at age 14, see Niermann et al. (2015), and 
for more details at age 17, see Niermann, Figner, Tyborowska, et al. (2017). For the current study, we 
only used the freezing assessment during the administration of the first EFT at age 17, as this was 
most comparable to the freezing assessment at age 14. The second and third EFTs at age 17 were 
preceded by a stress induction procedure. 
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Data analysis
Posturography during EFTs
Four force sensors (one in each corner) of the stabilometric force platform recorded a time series 
of deviations from participants’ center-of-pressure (COP) in the anterior-posterior (AP) as well as 
the mediolateral (ML) directions (dimensions: 50 cm x 50 cm; sampling frequency: 200 Hz, 1 mm 
accuracy). We conducted posturographic analyses in MATLAB (MathWorks, Natick, MA, USA). We 
computed participants’ variability in body sway during each 1-minute presentation block of facial 
emotional expressions from the same emotional category as an indicator for postural mobility, by 
determining the standard deviation of the COP in the AP direction (SD-AP; see Niermann et al., 
2015 for a detailed description as well as Appendix S1 in Supplemental Material [SM]). Participants’ 
variability in body sway was adjusted for their weight. 
Heart rate during EFTs
For each of the facial emotional blocks of the EFT, we first manually determined participants’ heart 
rate peaks, using Brainvision (Analyzer 2.0). Participants’ heart rate in beats per minute (BPM) 
was then determined by counting the number of heart rate peaks for each of the 1-minute facial 
emotional blocks of the EFT, using MATLAB (MathWorks, Natick, MA, USA).1
 
Statistical analyses2 
All analyses were conducted in R (version 3.4.2; R Core Team, 2017). As an indicator for freezing 
behavior, we computed the difference score of heart rate in response to angry vs neutral faces, with 
lower negative values indicating more freezing-like behavior in response to the angry (compared 
to neutral) faces. An identical difference score was calculated for body sway. This angry vs neutral 
1 Exploratory analyses suggest no habituation over time within blocks, neither for body sway nor for 
heart rate difference scores (see Appendix S2 and Supplementary Table S1 in SM).  
2 We also examined whether the previously observed association between insecure infant-parent 
attachment at 15 months of age and freezing behavior at age 14, established in this longitudinal 
data set (Niermann et al., 2015), extends to freezing behavior assessed in a similar way at age 17. In 
line with the proposed stability of freezing, we predicted that the experience of stress early in life 
(i.e., insecure infant-parent attachment and the experience of early negative personal life events) 
would have a similar positive association with freezing at ages 14 and 17, and that the experience 
of negative personal life events in-between freezing assessments (i.e., current stress) may reduce 
the proposed association of freezing behavior. However, we did not observe any influence of the 
experience of early and current stress on individual differences in freezing behavior and its stability 
over time. Additionally, no associations with state anxiety were observed. In the interest of shortness, 
the rationale, results, and conclusions of these analyses are reported in Appendix S3 and S9 in SM 
(see also Supplementary Figure S1, S2, as well as Supplementary Table S2, S3 in SM). 
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emotion contrast has been established previously as a meaningful contrast to illustrate individual 
differences in participants’ freezing behavior (Niermann, Figner, Tyborowska, et al., 2017; Niermann 
et al., 2015; Roelofs, Hagenaars, et al., 2010). The two indicators of freezing behavior (i.e., reductions 
in heart rate and body sway in response to angry vs neutral faces) were tested separately. 
To assess the relative stability in freezing behavior in response to angry vs neutral faces, we 
computed correlations (i) between the age 14 and age 17 heart rate difference scores of angry vs 
neutral faces and (ii) between the age 14 and age 17 analogous body sway difference scores. We 
computed Pearson correlations using the function rcor.test from the package ltm (Rizopoulos, 2006). 
As we tested the same hypothesis here with two correlational analyses (Rubin, 2017), we controlled 
for multiple testing using the false discovery rate via the p.adjust function from the stats package (R 
Core Team, 2017).
In the cases where we observed a significant correlation for our main emotion contrast of interest 
(i.e., angry vs neutral), we ran equivalent follow-up analyses on the other emotion contrasts of heart 
rate and/or body sway (i.e., angry vs happy, happy vs neutral), as well as on heart rate and/or body 
sway in response to each emotion separately. This was done to determine the specificity of the 
observed results for our main emotion contrast of interest.
Because participants’ gender explained variations in individual freezing-like behavior, we explored 
potential gender effects, by including gender not only as a main effect, but also as an interaction 
effect in regression analyses predicting freezing behavior to angry vs neutral faces at age 17 from 
freezing behavior to the same emotion contrast at age 14 (lavaan package; using a robust estimator; 
Yves, 2012). Furthermore, we also explored the coherence between the two freezing measures 
(heart rate and body sway). We computed Pearson correlations between heart rate and body sway 
difference scores of angry vs neutral faces separately at ages 14 and 173, as well as between the 
averaged heart rate/body sway freezing scores of angry vs neutral faces across age. As for the analyses 
mentioned earlier, only in the cases where we observed significant results for these exploratory 
analyses for our main emotion contrast of interest, we ran equivalent follow-up analyses on the 
other emotion contrasts. Finally, we only report correlations corrected for multivariate outliers4 here, 
the uncorrected results are presented in SM Appendices S4-S8. For our exploratory and follow-up 
analyses we did not control for multiple comparisons.
3 Data of all adolescents who participated in the assessments at either age 14 or age 17 were used 
to compute the correlations between heart rate and body sway difference scores separately per age.
4 Multivariate outliers were determined based on a Mahalanobis distance > 7.38 (Varmuza & 
Filzmoser, 2009), as previously used in Niermann, Figner, Tyborowska, et al. (2017).
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Results
Reductions in heart rate in response to angry vs neutral faces were positively correlated between 
ages 14 and 17, while the analogous body sway5 difference scores showed no such stability across 
time (heart rate: r = .82, p < .001, 95% CI [.73, .89], body sway: r = .18, p = .138, 95% CI [-.06, .39]; 
see Figure 1).6 Interestingly, when exploring the specificity of this positive association for the heart 
rate emotion contrast of angry vs neutral faces, we observed similar significant correlations between 
ages 14 and 17 for the other emotion contrasts of heart rate (angry vs happy: r = .77, p < .001, 95% 
CI [.65, .85]; happy vs neutral: r = .84, p < .001, 95% CI [.76, .90]), as well as for heart rate in response 
to each emotion separately (angry: r = .57, p < .001, 95% CI [.40, .71]; happy: r = .54, p < .001, 95% CI 
[.35, .68]; neutral: r = .55, p < .001, 95% CI [.36, .69]). Thus, freezing-like behavior as indicated by heart 
rate is relatively stable from mid to late adolescence and a similar pattern of stability was observed 
for other emotion contrasts. In addition, when comparing heart rate responses at ages 14 and 17, 
it is noteworthy that correlations in response to each emotion separately were numerically smaller 
than the correlations for the emotion contrasts. 
Exploratory analyses 
Gender
As there is evidence that anger might be differently processed by men and women (Kret & de Gelder, 
2012), we explored potential gender effects by including gender as a main and as an interaction 
effect in a regression analysis, predicting heart rate difference scores for angry vs neutral faces at age 
17 from the same heart rate emotion contrasts at age 14. We observed a main effect of heart rate 
difference scores at age 14 (B = 0.84, z = 14.51, p < .001, 95% CI [0.73, 0.95]), but no main effect of 
gender (B = -1.38, z = -1.69, p = .091, 95% CI [-2.97, 0.22]) nor a moderation effect of gender (B = 0.02, 
z = 0.33, p > .250, 95% CI [-0.09, 0.13]; total R2 = .68). This supports the findings in the previous section 
that heart rate is generally stable, and equally so for both genders. Interestingly, when conducting 
the same regression analysis for the body sway difference score of angry vs neutral faces, we observed 
no main effect of gender (B = 0.16, z = 1.34, p = .179, 95% CI [-0.08, 0.40]), but we did find a main effect 
of the body sway difference score of angry vs neutral faces at age 14 (B = 0.19, z = 1.98, p = .048, 95% 
5 As participants’ height may influence their body sway variability, we explored the influence 
of participants’ height on the assessment of body sway to angry vs neutral faces (Berger, Trippel, 
Discher, & Dietz, 1992; we could test this at age 17 only as we have no information of participants’ 
height at age 14). No association between height and body sway was observed (r = -.05, p > .250, 
95% CI [-.26, .15]). 
6 Because of high variation in puberty at age 14, we explored whether participants’ puberty level at 
age 14 could explain variations in (stability of ) freezing-like behavior, which was not the case (see 
Appendix S6 in SM). 
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Figure 2 | The scatterplots (with best-fitting regression line) illustrate the correlations between changes in body sway variability 
(in mm) at ages 14 and 17 to angry vs neutral faces, separately for male (Panel A) and female participants (Panel B). Two 
multivariate outliers were excluded for the correlations in Panel A and B.
CI [0.001, 0.37]) as well as a moderation effect of gender (B = 0.22, z = 2.39, p = .017, 95% CI [0.04, 
0.41]; total R2 = .09). To follow up on this moderation effect, we ran separate correlations for male and 
female participants for body sway difference scores of angry vs neutral faces between ages 14 and 17. 
We observed a positive association for females (r = .37, p = .027, 95% CI [.05, .63]), but not for males (r 
= .09, p > .250, 95% CI [-.25, .41]; see Figure 2A and 2B). No significant associations were observed for 
the other emotion contrasts when correlations were computed separately by gender (Appendix S7 in 
SM). This tentatively suggests that individual differences in body sway in reaction to angry vs neutral 
faces may be stable for female but not for male participants.
A B
r = .82, p < .001 r = .18, p = .138
Figure 1 | The scatterplots (with best-fitting regression line) illustrate the correlations between changes in heart rate variability 
(in beats per minute) at ages 14 and 17 (Panel A) and between changes in body sway variability (in mm) at ages 14 and 17 (Panel 
B) while participants were looking at angry compared to neutral faces. Three multivariate outliers were excluded for the correlations 
in Panel A and B.
A B
Male: 
r = .09, p > .250 
Female: 
r = .37, p = .027
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Coherence between freezing scores of body sway and heart rate
Because of the different stability patterns observed for heart rate and body sway, we explored 
whether these two freezing measures nevertheless showed a similar activation pattern, by 
associating them with each other at each age, as well as over time. Thus, we explored whether the 
participants who showed a reduction in heart rate in response to angry vs neutral faces were also 
the participants who showed a reduction in body sway to angry vs neutral faces. Indeed, the heart 
rate and body sway difference scores (of angry vs neutral faces) were positively correlated with each 
other, both at age 14 as well as at age 17 (age 14: r = .30, p = .009, 95% CI [.08, .49]; age 17: r = 
.35, p = .001, 95% CI [.15, .51]). This is the same pattern as previously observed in Niermann et al. 
(2015) and in Niermann, Figner, Tyborowska, et al. (2017). Next, to investigate whether there was 
coherence between the two freezing measures (heart rate and body sway) over time, we computed 
an average freezing score per age. We did this by first standardizing heart rate and body sway 
difference scores of angry vs neutral faces separately per age, and then averaging these scores per 
age. Due to technical problems, for two of our participants we had only body sway or only heart 
rate data. For these participants, we computed an adjusted average freezing score by only using the 
non-missing observations. These average freezing scores at ages 14 and 17 for angry vs neutral faces 
were positively correlated (r = .65, p < .001, 95% CI [.49, .76]).
Interestingly, similar associations were observed when correlating heart rate and body sway 
difference scores of happy vs neutral faces separately at ages 14 and 17 (age 14: r = .24, p = .038, 95% 
CI [.01, .44]; age 17: r = .21, p = .042, 95% CI [.01, .40]), as well as when correlating the averaged heart 
rate/body sway freezing scores of happy vs neutral faces for each age (r = .59, p < .001, 95% CI [.42, 
.72]). In contrast, heart rate and body sway difference scores of angry vs happy faces were positively 
associated only at age 14 (r = .32, p = .005, 95% CI [.10, .51]), but not at age 17 (r = .07, p > .250, 95% 
CI [-.13, .27]). The averaged heart rate/body sway freezing scores of angry vs happy faces at ages 14 
and 17 were positively correlated (r = .47, p < .001, 95% CI [.27, .64]). 
Taken together, these results suggest that there is coherence between the two freezing scores 
(heart rate and body sway) during mid as well as late adolescence and that there is stability over 
time in these combined freezing measures. Overall, these effects are not unique for the angry vs 
neutral contrast; they are also present for the other emotion (happy vs neutral) contrast. 
Discussion
The aim of this study was to investigate whether individual differences in human freezing-
like behavior induced by social threat were relatively stable from mid to late adolescence. We 
objectively quantified freezing-like behavior as reductions in heart rate and body sway in 
response to angry vs neutral faces. The results suggest that heart rate measures were generally 
stable between ages 14 and 17. Although heart rate and body sway in response to angry vs neutral 
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faces were positively correlated at each age as well as over time, stability of body sway to angry 
vs neutral faces was only observed in females. Taken together, our findings suggest moderate to 
strong stability in human freezing-like behavior induced by social threat over a relatively long 
interval from mid to late adolescence (except for male body sway, which showed no stability). This 
relative stability was, however, not specific for threat-induction, and may reflect a general stability 
pattern for heart rate. 
This is the first study investigating individual differences in objectively quantified freezing-like 
behavior in human adolescents and its stability over time. Approximately half of our participants 
showed a freezing-like pattern at each age, indicated by reductions in heart rate and/or body sway 
in response to angry vs neutral faces (see Figure 1A and B). The remainder of the adolescents did not 
display a freezing-like pattern, but instead, showed no decrease, or even a relative increase in heart 
rate and/or body sway in response to angry vs neutral faces. This is in line with previous research 
done in this adolescents sample, where at a group level, body sway reductions in response to angry 
vs neutral faces were present at age 14 (Niermann et al., 2015), but not at age 17 (Niermann, Figner, 
Tyborowska, et al., 2017), and where heart rate reductions were not present at the group level. The 
finding that not everyone shows freezing-like behavior in the current study is also in line with the 
great variability in animal freezing behavior, where some animals show fear bradycardia, while 
others show fear tachycardia (Hagenaars et al., 2014; Roelofs, 2017). In contrast to our current work, 
Niermann et al. (2015), and Niermann, Figner, Tyborowska, et al. (2017), previous work in adults 
showed reduced heart rate as well as body sway in response to angry vs neutral faces using the 
same Emotional Face Task (Roelofs, Hagenaars, et al., 2010). These discrepancies may be related to 
several factors. First, adults have higher body weight and second, they show likely less movement 
in general. Both factors may affect the noise in the body sway measures. Besides these, there are 
several other factors that may have contributed to our findings. Adult studies, for instance, typically 
use stronger aversive stimuli to elicit robust and consistent freezing-like behavior, such as aversive 
pictures from the International Affective Picture System (IAPS) or threat of shock (Gladwin et al., 
2016; Hagenaars et al., 2012; Hermans et al., 2013; Lojowska et al., 2015). Face stimuli, which we used 
in the current adolescent sample, may be weaker in eliciting robust freezing-like responses. Future 
research should determine whether stability of freezing-like behavior increases when freezing 
responses are induced in the context of stronger threat cues, such as IAPS pictures, or in the context 
of a fear-conditioning paradigm. The use of such stronger threat cues elicits freezing-like behavior 
in terms of heart rate and body sway reductions in about 80% of adult participants in our research 
group (Hashemi et al., 2016; Lojowska et al., 2015). Apart from these methodological considerations, 
however, we cannot rule out that freezing may show age differences such that individuals display 
less freezing at age 17 compared to age 14. Future research should establish whether a similar 
freezing stability pattern is observed when individuals are tested during a more stable phase of 
life that is not characterized by the profound developmental changes like the ones that take place 
between ages 14 and 17. 
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In line with previous research, heart rate was generally stable across time, irrespective of the emotion 
or emotion contrast (Cohen & Hamrick, 2003; Dragomir, Gentile, Nolan, & D’Antono, 2014). While 
there was general stability in heart rate, the salient emotion contrast of main theoretical interest 
is the one of angry vs neutral faces. Previous research (Niermann et al., 2015; Roelofs, Hagenaars, et 
al., 2010) suggests that heart rate differences between angry vs neutral face stimuli are particularly 
indicative of freezing-like behavior because individual differences in this contrast were correlated 
with both individual differences in body sway in the analogous contrast and with internalizing 
symptoms. Therefore, it would be interesting for future research to examine the specificity of the 
emotion contrast of angry vs neutral faces not only with respect to stability, but also with respect to 
the development of affective symptoms. 
Interestingly for our body sway measure, exploratory analyses showed gender differences: only 
female but not male participants showed stability in their body sway response to angry vs neutral 
faces between ages 14 and 17. Compared to females, male participants showed more changes 
(i.e., less consistency) in their body sway response to angry vs neutral faces from age 14 to age 17 
(Figure 2). These findings may be explained in light of previously reported gender differences in 
the processing, experience, and expression of anger, with men scoring higher in identifying as well 
as expressing anger (for a review see Kret & de Gelder, 2012). The gender effects found here were, 
however, part of exploratory analyses that were not adjusted for multiple comparisons and should 
be considered tentative. Future research is needed to more systematically investigate gender 
differences in freezing-like behavior in humans and its stability over time. 
The current set-up did not allow us to disentangle an orienting response—involving an attentional 
component to orient towards a novel or threat stimuli—from a freezing response. Orienting is 
usually subjected to habituation (Hagenaars et al., 2014). However, our freezing measures showed 
no evidence for habituation when comparing the first 10 to the last 10 trials within a block (see 
Appendix S2 and Supplementary Table S1in SM), suggesting that we assessed a freezing instead of 
an orienting response in the current study. Nevertheless, it would be interesting for future research 
to increase block duration as this would allow for the assessment of heart rate variability, for instance 
by spectral analyses to detect activity in the parasympathetic nervous system. This might help to 
obtain a clearer characterization of the parasympathetic state associated with human freezing. 
Although both body sway and heart rate are indices of freezing in humans, we observed interesting 
differences in the overall stability in heart rate and body sway, with larger overall stability over 
time in heart rate, compared to body sway. Differences in measurement error and measurement 
sensitivity of these posturographic and electrocardiographic methods may have contributed to the 
observed differences in stability. Furthermore, future longitudinal research should take the changes 
in adolescents’ height into account, because—like weight—height could influence the sensitivity of 
the body sway measure. Most critically, although both heart rate and body sway reductions during 
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threat are generated by the midbrain periaqueductal gray, they follow different neural pathways, with 
the first projecting via the vagus nerve and the second via medullar projections to motor neurons in 
the spinal cord (Kozlowska et al., 2015; Roelofs, 2017). Thus, apart from methodological differences, 
these pathways have unique properties and may each develop within different time frames. 
Despite these differences in stability in heart rate and body sway measures, we observed overall 
coherence between these two freezing measures at each age as well as over time. This was, 
however, not specific for angry vs neutral faces; it was also observed for happy vs neutral faces. It 
is tempting to speculate that this result is related to reports of adolescents’ (compared to adults’) 
increased responsiveness to incentives and emotional stimuli, such as happy faces (for a review, see 
Somerville, Jones, & Casey, 2010): for example, adolescents differ from adults in showing stronger 
ventral striatum and amygdala responses to happy relative to neutral facial expressions (Somerville, 
Hare, & Casey, 2011; Williams et al., 2006). Similarly, early event-related potentials over the medial 
frontal regions in response to happy faces have been observed to weaken between adolescence 
and late adulthood (Williams et al., 2006). Based on these findings, we speculate that adolescents 
might show greater attention and emotional reactivity to happy facial expressions than adults, 
which may provoke a freezing-like pattern that is similar to responses to angry facial expressions. 
However, future research should systematically investigate whether a freezing-like response can 
also be observed in response to salience-inducing, positive stimuli, and whether it is meaningfully 
related to affective symptoms, similar to what has been observed for freezing-like responses to 
salience-inducing, negative stimuli (Niermann, Figner, Tyborowska, et al., 2017; Niermann et al., 
2015; Roelofs, Hagenaars, et al., 2010). 
Finally, one could argue that the observed coherence between the two freezing measures (heart 
rate and body sway) over time could be an artefact of the averaging procedure for calculating the 
freezing score per age, combining reductions in heart rate and body sway. Therefore, the observed 
coherence may be driven by the general stability of heart rate in the current study. However, we 
found a significant positive association between reductions in heart rate and body sway at each age, 
which argues against this mathematical explanation fully accounting for the coherence of the two 
freezing measures of heart rate and body sway.
Conclusions
In this prospective longitudinal study on the stability of freezing-like behavior, we observed 
moderate to strong stability in human freezing-like behavior in response to social threat from mid 
to late adolescence (except for male body sway, which did not show stability). However, this relative 
stability was not specific for social threat-induction and may reflect a general stability pattern, 
which is particularly pronounced for heart rate. The fact that this relative stability was found over a 
relatively long time range of three years is promising for studies aiming to use freezing-like behavior 
as a marker for internalizing symptoms in adolescent development. 
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Supplemental Material
Appendix S1 |  Posturography during Emotional Face Task
Different from previously reported analyses, we used unfiltered and untransformed body sway data 
in this study. In Niermann et al. (2015) for the age 14 data, we used unfiltered, but log-transformed 
body sway data; in Niermann, Figner, Tyborowska, et al. (2017) for the age 17 data, we used filtered 
body sway data. Body sway data were handled slightly differently before at ages 14 and 17 to deal 
with noise in the data and to meet statistical assumptions. Importantly, we observed a similar 
result pattern for unfiltered and filtered (using a 10 Hz low-pass and a 0.1 Hz high-pass filter) body 
sway data. The exception is that gender effects were somewhat weaker for the filtered than for the 
unfiltered body sway data. 
Appendix S2 | Occurrence of habituation in heart rate and body sway?
To explore whether habituation occurred across a block, we compared the heart rate difference 
scores computed for the presentation of the first 10 faces to the heart rate difference scores of 
the last 10 faces, separately for the 14-year-old data and the 17-year-old data. Towards this end, 
we ran two linear-mixed effect models (using the lmer function of the lme4 package; Bates et al. 
(2015)), with heart rate difference scores as dependent variable at either age 14 or age 17. Each of 
these models had the following categorical predictors: (i) first 10 faces vs last 10 faces, (ii) emotion 
contrast (angry vs happy, angry vs neutral, happy vs neutral), and (iii) the interaction between (i) and 
(ii). P-values were determined using bootstrapped likelihood ratio tests (requested samples: 1000), 
using the function mixed of the package afex (Singmann et al., 2015). A significant interaction effect 
was of main interest for the occurrence of habituation. However, we observed no interaction effect 
for age 14 or age 17, indicating no habituation of heart rate in the last compared to the first trials 
within a block (see Table S1). We ran the same linear-mixed effect models, separately for age 14 and 
age 17, but this time with body sway difference scores as dependent variable. Again, we observed 
no interaction effect, indicating also for body sway no habituation in the last compared to the first 
10 trials within a block (see Table S1). These results suggest that indeed there was freezing over the 
whole block, without evidence for habituation within a block.
Appendix S3 | Early and current stress
Rationale
Despite the proposed relative stability of individual differences in animal freezing responses, some 
flexibility in freezing behavior is necessary to adapt successfully to environmental changes. Indeed, 
contextual changes (Imanaka et al., 2006), exposure to severe events (Daviu et al., 2010; van den 
Berg et al., 1998; van Dijken et al., 1992), and chronic stress (Conrad et al., 1999) have been shown to 
alter animal freezing response. Additionally, research in primates and rodents has demonstrated that 
the experience of early life stress—such as low levels of maternal licking and grooming or postnatal 
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Table S1 | The effects of first 10 vs last 10 trials, emotion contrast, and their interaction on body sway and heart rate difference 
scores. 
Model: Heart rate 
difference scores
Model: Body sway 
difference scores
Effect χ2 (df) p χ2 (df) p
Age 14
First 10 vs last 10 trials χ2 (1) = 4.28 .037 χ2 (1) = 8.61 .004
Emotion contrast χ2 (2) = 5.30 .055 χ2 (2) = 4.42 .097
First 10 vs last 10 trials × Emotion contrast χ2 (2) = 0.75 > .250 χ2 (2) = 1.45 > .250
Age 17
First 10 vs last 10 trials χ2 (1) = 0.07 > .250 χ2 (1) = 0.05 > .250
Emotion contrast χ2 (2) = 1.52 > .250 χ2 (2) = 0.33 > .250
First 10 vs last 10 trials × Emotion contrast χ2 (2) = 0.64 > .250 χ2 (2) = 0.08 > .250
 
separation from the mother—can result in long-lasting and enduring changes in animals’ stress 
coping behavior across the lifetime. This includes increased levels of freezing behavior, life-long 
anxious, depressive, and avoidant behavior, and maladaptive stress coping (Imanaka et al., 2006; Liu, 
Atrooz, Salvi, & Salim, 2017; Lukkes et al., 2009; Menard et al., 2004; Rincón-Cortés & Sullivan, 2016; 
Sanders & Knoepfler, 2008; Yan et al., 2017). In an effort to extend this animal work to humans, human 
freezing behavior has been shown to be sensitive to the experience of life events, state anxiety, acute 
stress, as well as a history of insecure infant-parent attachment (Hagenaars et al., 2012; Niermann, 
Figner, Tyborowska, et al., 2017; Niermann et al., 2015; Roelofs, Hagenaars, et al., 2010). 
Hypotheses
We hypothesized that the experience of negative personal life events in between freezing assessments 
(i.e., current stress) may reduce the proposed association of freezing behavior. We also investigated 
whether the previously observed positive association between insecure infant-parent attachment at 
15 months of age and freezing behavior at age 14, established in this longitudinal data set (Niermann 
et al., 2015), extends to freezing behavior assessed in a similar way three years later at age 17. In line 
with the proposed stability of freezing behavior, we predicted that if freezing is relatively stable, the 
experience of early stress should have a similar positive association with freezing at ages 14 and 
17. We also hypothesized that—in addition to insecure infant-parent attachment—early negative 
personal life events will have similar effects on freezing behavior at ages 14 and 17. 
Assessment of infant-parent attachment (15 months of age)
Quality of infant-parent attachment was assessed in the 15-month wave of the Nijmegen 
Longitudinal Study, using an abbreviated version of the Strange Situation Procedure (Ainsworth 
et al., 1978). This assessment procedure is described in detail by van Bakel and Riksen-Walraven 
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(2002b). To classify infants as Secure (B), Avoidant (A), Resistant (C), or Disorganized and Disoriented 
(D), we used directions provided by Ainsworth et al. (1978) and Main and Solomon (1990). The inter-
rater reliability determined from a subset of 20 randomly selected infants was 95% (van Bakel & 
Riksen-Walraven, 2002b). For the current study, we only categorized individuals as securely (i.e., 
category B; n = 68) or insecurely (i.e., categories A, C, D; n = 32) attached. 
Assessment of early and current negative personal life events
We assessed the experience of early negative personal life events (before age 5) and current negative 
personal life events (between ages 14 and 17) via parent reports within one to two years after the event 
had taken place. Parents were asked to indicate with yes or no whether their child had experienced 
one or more stressful life events. Items from Saranson et al.’s (1978) Life Experiences Survey and from 
Coddington’s (1972) Life Events Scale for Children were selected that were likely to have a negative 
influence on participants’ development (e.g., divorce, death of a loved one, serious illness of child 
or parent). The final scores represent the total number of negative life events the participants had 
experienced in early childhood (before age 5) and during adolescence (between ages 14 and 17). 
Statistical analyses
The indicator for freezing behavior was determined in the same way as described in the main text, 
namely as a difference score of heart rate in response to angry vs neutral faces, with lower negative 
values indicating more freezing-like behavior. An identical difference score was calculated for 
body sway. Both indicators of freezing-like behavior (i.e., reduction in heart rate and body sway in 
response to angry vs neutral faces) were tested separately. 
To test the influence of early and current stress on freezing behavior, we used the lavaan package in 
R (Yves, 2012), with full information maximum likelihood estimation to deal with missing values.7 To 
investigate whether the experience of current stress (i.e., personal negative life events) moderates 
the proposed stability between freezing in response to angry vs neutral faces during adolescence, 
we conducted regression analyses using a robust estimator (Figure S1). We ran two regression 
models, one with reduction in heart rate, and one with reduction in body sway in response to 
7 All individuals (n = 100) having a least one freezing measure at ages 14 or 17 were included in 
these analyses. Of these 100 participants, 75% had freezing data at both assessment points (due to 
technical problems one of these participants had no heart rate data at age 14, and another one had 
no body sway data at age 17), while 21% had no freezing data at age 14 and 4% had no freezing 
data at age 17. Additionally, 6% of these participants had no data on early negative personal life 
events, and 5% on current negative personal life events. To verify whether the imputation strategy 
was appropriate to deal with missing values, we compared the results of the imputed models to 
the results of models where participants with missing values were removed. Similar significant and 
non-significant results were observed.
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Figure S1 | Regression model to test (1) the relative stability of freezing-like behavior in response to angry vs neutral faces 
from age 14 to age 17, and (2) the main and moderating effect of current stress (age 14-17)—characterized by negative personal 
life events—on the association of freezing-like behavior in response to angry vs neutral faces between ages 14 and 17.
angry vs neutral faces at age 17 as the dependent variable. Both models had the same predictors: 
(i) the reduction in heart rate (for the heart rate model) or body sway (for the body sway model) in 
response to angry vs neutral faces at age 14, (ii) negative personal life events (age 14-17), and (iii) the 
interaction between (i) and (ii). 
To test whether early life stress (i.e., insecure infant-parent attachment and/or negative personal life 
events) predicted freezing-like behavior in response to angry vs neutral faces assessed at ages 14 and 
17, we ran structural equation models using bootstrapping (see Figure S2). We investigated the effect 
of infant-parent attachment security by running two structural equation models, one with reduction 
in heart rate and one with reduction in body sway in response to angry vs neutral faces at age 17 
as the dependent variable. Otherwise, both models included (i) infant-parent attachment security 
as a predictor, and (ii) reduction in heart rate (for the heart rate model) or body sway (for the body 
sway model) in response to angry vs neutral faces at age 14 as a mediator. To test the effect of early 
negative personal life events, we ran two additional structural equation models that were identical 
to the ones just reported, except for the inclusion of early negative personal life events instead of 
infant-parent attachment security as a predictor. In these four models, we tested the predictive value 
Freezing	
(age	17)
Freezing	
(age	14)
Early	Stress 3 4
4
Figure S2 | Structural equation model to test (3) the predictive value of early life stress—characterized in separate models 
for insecure infant-parent attachment and for negative personal life events (0-5 years)—on freezing-like behavior in response to 
angry vs neutral faces at age 14, and to determine (4) the extended effect of early life stress on freezing-like behavior in response 
to angry vs neutral faces at age 17 by adding a direct and indirect path via freezing behavior at age 14, testing for mediation.
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of early life stress (i.e., insecure infant-parent attachment or negative personal life events) on freezing-
like behavior at age 14. Additionally, in these models we determined the extended effect of early life 
stress on freezing-like behavior at age 17 by adding a direct and indirect path via freezing behavior at 
age 14, testing for mediation. 
As we tested the same hypothesis with more than one analysis (Rubin, 2017), we controlled for 
multiple testing using the false discovery rate via the p.adjust function from the stats package (R 
Core Team, 2017). To better understand the results, we explored gender effects, by adding gender 
as a main effect to the models. Additionally, in the cases where we observed significant coefficients 
for our main emotion contrast of interest (i.e., angry vs neutral), we ran equivalent follow-up analyses 
on the other emotion contrasts of heart rate and/or body sway (i.e., angry vs happy, happy vs neutral), 
as well as on heart rate and/or body sway in response to each emotion separately.8 
Results for current stress on freezing
We observed no moderation effect for the experience of current stress—in the form of negative 
personal life events—on the stability of freezing-like behavior, expressed as reduction in heart rate 
and body sway in response to angry vs neutral faces at ages 14 and 17 (see Table S2). These results 
remained when controlling for gender. When conducting follow-up regression models for the other 
emotion contrasts of heart rate as well as for heart rate in response to each emotion separately, we 
also observed no moderation effects for current stress. Similarly as reported for the correlational 
analyses in the main text, we observed in each of these models a positive predictive value of heart 
rate at age 14 on heart rate at age 17 (irrespective of emotion and emotion contrast; all ps < .001). 
Table S2 | Results of the multiple regression analyses investigating the moderating effect of current stress on the stability of 
freezing-like behavior at ages 14 and 17. 
B SE B β z puncor pcor R
2
HR reduction (age 17) .66
HR reduction (age 14) 0.81 0.06 0.80 14.34 < .001 < .001
Current stress 0.03 0.27 0.01 0.12 > .250 > .250
HR reduction × Current stress -0.06 0.05 -0.07 -1.17 .243 > .250
BS reduction (age 17) .01
BS reduction (age 14) 0.05 0.07 0.07 0.61 > .250 > .250
Current stress -0.04 0.04 -0.10 -0.96 > .250 > .250
BS reduction × Current stress 0.00 0.05 0.00 0.00 > .250 > .250
Notes: puncor = uncorrected p-values; pcor = corrected p-values. Freezing behavior is expressed as reductions in heart rate (HR) and 
body sway (BS) in response to angry vs neutral faces. 
8 For exploratory and follow-up analyses, we did not control for multiple comparisons.
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Results for early life stress on freezing
We found neither a direct nor an indirect effect of early life stress on freezing-like behavior in 
response to angry vs neutral faces at ages 14 and 17 (see Table S3). Again, these results did not 
change when controlling for gender. When conducting follow-up structural equation models for 
the other emotion contrasts of heart rate as well as for heart rate in response to each emotion 
separately, we also observed no effect of early life stress. Similar as reported above, we observed 
in each of these models a positive predictive value of heart rate at age 14 on heart rate at age 17 
(irrespective of emotion and emotion contrast; all ps < .001). 
Table S3 | Results of the structural equation models investigating the direct and indirect effect of early stress on freezing 
behavior at ages 14 and 17. 
B SE B β z puncor pcor R
2
HR reduction (age 17) .66
Attachment 0.43 0.84 0.03 0.52 > .250 > .250
HR reduction (age14) 0.82 0.06 0.81 13.41 < .001 < .001
Indirect -0.86 1.13 -0.07 -0.75 > .250 > .250
HR reduction (age 14) .01
Attachment -1.04 1.36 -0.08 -0.76 > .250 > .250
HR reduction (age 17) .66
Early stress -0.32 0.33 -0.06 -0.98 > .250 > .250
HR reduction (age14) 0.82 0.06 0.81 12.96 < .001 < .001
Indirect -0.27 0.50 -0.05 -0.53 > .250 > .250
HR reduction (age 14) .00
Early stress -0.33 0.61 -0.06 -0.54 > .250 > .250
BS reduction (age 17) .02
Attachment -0.16 0.11 -0.15 -1.45 .148 > .250
BS reduction (age14) 0.05 0.09 0.07 0.52 > .250 > .250
Indirect 0.02 0.04 0.02 0.58 > .250 > .250
BS reduction (age 14) .09
Attachment 0.53 0.24 0.30 2.23 .025 .100
BS reduction (age 17) .01
Early stress 0.04 0.05 0.08 0.72 > .250 > .250
BS reduction (age14) 0.02 0.08 0.04 0.30 > .250 > .250
Indirect 0.00 0.01 0.00 0.19 > .250 > .250
BS reduction (age 14) .00
Early stress 0.05 0.06 0.07 0.78 > .250 > .250
Notes: puncor = uncorrected p-values; pcor = corrected p-values. Freezing behavior is expressed as reductions in heart rate (HR) and 
body sway (BS) in response to angry vs neutral faces. 
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Conclusions
Contrary to research in animals, we found no influence of early or current stress on individual differences 
in freezing behavior and its stability over time. In this study, early and current negative personal 
events may not have been severe enough to elicit changes in an individual's freezing response. Future 
research should systematically investigate the influence of various life events, varying in their level 
of adversity, on individual freezing behavior and its stability. Importantly, we could not replicate the 
previously observed association between insecure infant-parent attachment and increased adolescent 
bodily freezing behavior at age 14 (Niermann et al., 2015), again at age 17. There are several potential 
explanations for this unexpected finding. First, insecure infant-parent attachment may no longer have 
an effect on freezing-like behavior during late adolescence. Second, the previously observed association 
between infant-parent attachment security and later bodily freezing at age 14 might have been a false 
positive. However, we regard this as unlikely as research in animals clearly supports this longitudinal 
association (Imanaka et al., 2006; Liu et al., 2017; Lukkes et al., 2009; Menard et al., 2004; Rincón-
Cortés & Sullivan, 2016; Sanders & Knoepfler, 2008; Yan et al., 2017). Nevertheless, future longitudinal 
investigation should replicate this association in an independent sample. Third, the absence of an 
association between insecure infant-parent attachment and adolescent freezing-like behavior at age 
17 may also have been due to the stability pattern of freezing-like behavior observed in this study. 
Previously, we found only a main effect of reductions in body sway, but not in heart rate, to angry vs 
neutral faces at age 14 (Niermann et al., 2015), but none at age 17 (Niermann, Figner, Tyborowska, et 
al., 2017). This may suggest that the freezing measurement at age 17 was somewhat noisier than the 
measurement at age 14, which can potentially be explained by differences in measurement context. 
The anticipation of the stress induction procedure used at age 17 may have obscured the salience of a 
picture depicting an angry face. Therefore, it is possible that the current study was not able to reliably 
assess individual differences in freezing-like behavior to social threat over time (see also the discussion 
section in the main text), potentially explaining why we were not able to establish an association 
between insecure infant-parent attachment and bodily freezing again at age 17.
Appendix S4 | Main correlational results for heart hate and body sway, 
based on all participants 
Similar results as reported in the main text were observed when correlational results were not corrected 
for multivariate outliers (i.e., correlations were computed based on all participants): only reductions 
in heart rate, but not in body sway, in response to angry vs neutral faces were positively correlated 
between ages 14 and 17 (heart rate: r = .82, p < .001, 95% CI [.73, .88]; body sway: r = .05, p > .250, 95% 
CI [-.18, .27]; 3 and 3 multivariate outliers were excluded respectively for the corresponding correlations 
reported in the main text). Again similar as reported in the main text, correlational results, including 
all participants, revealed similar significant associations between ages 14 and 17 for the other emotion 
contrasts of heart rate (angry vs happy: r = .77, p < .001, 95% CI [.65, .85]; happy vs neutral: r = .79, p < 
.001, 95% CI [.69, .86]; 3 and 4 multivariate outliers were excluded respectively for the corresponding 
correlations reported in the main text), as well as for heart rate in response to each emotion separately 
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(angry: r = .53, p < .001, 95% CI [.35, .68]; happy: r = .54, p < .001, 95% CI [.35, .68]; neutral: r = .55, p < 
.001, 95% CI [.36, .69]; 1, 2, and 0 multivariate outliers were excluded respectively for the corresponding 
correlations reported in the main text). 
Appendix S5 | Results of exploratory analyses of correlation between body 
sway difference score of angry vs neutral faces and height, based on all 
participants
Similar non-significant association between body sway difference scores of angry vs neutral faces 
and participants’ height at age 17—as reported in the main text—were observed when multivariate 
outliers were not excluded (r = .02, p > .250, 95% CI [-.18, .22]; 3 multivariate outliers were excluded 
for the corresponding correlation reported in the main text). Data of all 96 adolescents who 
participated at the age 17 assessment wave were used to compute this correlation. 
Appendix S6 | Puberty at age 14
Because of high variation in puberty at age 14, we explored whether participants’ level of puberty at 
age 14 could explain variations in (stability of ) freezing. As an indicator for participants’ level of puberty 
at age 14, we used the average score of the Pubertal Development Scale, separately calculated for 
males and females (PDS; Petersen, Crockett, Richards, & Boxer, 1988), as well as their testosterone levels, 
assessed via saliva prior to the freezing assessment. As was previously done, testosterone values were 
first log-transformed and then standardized within gender (Tyborowska, Volman, Smeekens, Toni, & 
Roelofs, 2016). We correlated these two indicators of puberty at age 14 with the freezing assessment 
at the same age, separately indicated by body sway and heart rate reduction in response to angry vs 
neutral faces. We found no association between participants’ level of puberty and their level of freezing-
like behavior, expressed as reductions in heart rate (PDS: r = -.20, p = .092, 95% CI [-.41, .03], testosterone: 
r = .05, p > .250, 95% CI [-.23, .32]) and body sway (PDS: r = .07, p > .250, 95% CI [-.16, .29], testosterone: 
r = -.11, p > .250, 95% CI [-.37, .16]). When excluding multivariate outliers in these correlational analyses 
(i.e., Mahalanobis distance > 7.38; Varmuza and Filzmoser (2009)), the results remained the same except 
that the negative association between level of puberty (PDS), and heart rate reductions in response to 
angry vs neutral faces became significant (exclusion of 4 multivariate outliers: r = -.30, p = .011, 95% CI 
[-.50, -.07]). Based on this result, we explored whether level of puberty (PDS) at age 14 could explain the 
association between reductions in heart rate in response to angry vs neutral faces between ages 14 and 
17. Similar to previous analyses, we used the lavaan package in R (Yves, 2012)—with full information 
maximum likelihood estimation to deal with missing values—to conduct a regression analysis using a 
robust estimator. The regression model included reduction in heart rate in response to angry vs neutral 
faces at age 17 as the dependent variable, and the reduction in heart rate in response to angry vs 
neutral faces at age 14, and participants’ level of puberty (PDS) at age 14 as predictors. The results 
suggested that level of puberty could not explain the association between reductions in heart rate in 
response to angry vs neutral faces across age (R2 = .66, heart rate reduction at age 14: B = 0.82, z = 13.55, 
p < .001, 95% CI [0.70, 0.94]; PDS: B = 0.00, z = -0.01, p > .250, 95% CI [-1.11, 1.10]).
Chapter 5  104 | 
Appendix S7 | Gender differences for body sway difference scores
In the main text, we reported a regression model that tested the moderation effect of gender on the 
associations between body sway difference scores of angry vs neutral faces at ages 14 and 17. To follow-
up on the observed moderation effect, we reported in the main text separate correlations for male and 
female participants for this body sway emotion contrast, which were corrected for multivariate outliers. 
When we did not correct for multivariate outliers, similar correlations were found. Specifically, we 
observed a positive association for female participants (r = .40, p = .014, 95% CI [.09, .64]; 2 multivariate 
outliers were excluded for the reported correlation in the main text), but not for male participants (r = 
-.08, p > .250, 95% CI [-.39, .25]; 2 multivariate outliers were excluded for the reported correlation in the 
main text). Similar as reported in the main text, this tentatively suggests that individual differences in 
body sway to angry vs neutral faces may be stable for female but not for male participants.
To determine the specificity of this moderation effect of gender for the body sway difference scores 
of angry vs neutral faces between ages 14 and 17, as reported in the main text, we conducted the 
regression analysis again, but this time in response to the other emotion contrasts. Gender moderated 
the association between body sway difference scores of angry vs happy faces between ages 14 and 17 
(R2 = .12; body sway to angry vs happy faces [age 14]: B = -0.11, z = -1.17, p = .240, 95% CI [-0.29, 0.07]; 
gender: B = 0.04, z = 0.46, p > .250, 95% CI [-0.13, 0.21]; gender × body sway to angry vs happy faces [age 
14]: B = -0.27, z = -2.90, p = .004, 95% CI [-0.45, -0.09]), but not between body sway difference scores of 
happy vs neutral faces between ages 14 and 17 (R2 = .04; body sway to happy vs neutral faces [age 14]: 
B = 0.09, z = 0.94, p > .250, 95% CI [-0.09, 0.26]; gender: B = 0.09, z = 0.76, p > .250, 95% CI [-0.14, 0.31]; 
gender × body sway to happy vs neutral faces [age 14]: B = 0.15, z = 1.69, p = .091, 95% CI [-0.02, 0.33]). 
To follow up on this moderation effect of gender on the body sway difference scores of angry vs happy 
faces between ages 14 and 17, we ran separate correlations for male and female participants. After 
multivariate outlier correction, we observed neither for male nor for female participants a significant 
association for the body sway difference scores of angry vs happy faces between ages 14 and 17 (male: 
r = .34, p = .039, 95% CI [.02, .60]; exclusion of 3 multivariate outliers: r = .26, p = .140, 95% CI [-.09, .55]; 
female: r = -.35, p = .034, 95% CI [-.60, -.03]; exclusion of 1 multivariate outlier: r = -.12, p > .250, 95% CI 
[-.43, .21]). This suggests that male and female participants significantly differed from each other when 
associating body sway difference scores of angry vs happy faces between ages 14 and 17. However, 
when determining these correlations of body sway difference scores to angry vs happy faces between 
ages 14 and 17 separately for male and female participants—as a follow-up analysis—they did not 
differ from zero.
Appendix S8 | Coherence between two freezing measures, based on all 
participants9
Similar results were observed when multivariate outliers were not excluded for correlational analyses 
exploring the coherence between the two freezing measures of body sway and heart rate. Indeed, heart 
rate and body sway difference scores of angry vs neutral faces were (marginal significantly) positively 
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correlated at ages 14 and 17 (age 14: r = .19, p = .100, 95% CI [-.04, .39]; age 17: r = .29, p = .004, 95% CI [.09, 
.46]; 1 and 3 multivariate outliers were excluded respectively in corresponding correlations reported in the 
main text). Similarly, the average freezing scores of combined heart rate and body sway difference scores 
to angry vs neutral faces at ages 14 and 17 were positively correlated (r = .55, p < .001, 95% CI [.37, .69]; 2 
multivariate outliers were excluded in corresponding correlation reported in the main text). 
Similar as reported in the main text, when including all participants we also observed (marginal significantly) 
positive associations between heart rate and body sway differences scores of happy vs neutral faces at ages 
14 and 17 (age 14: r = .20, p = .082, 95% CI [-.03, .40]; age 17: r = .29, p = .004, 95% CI [.09, .46]; 3 and 3 
multivariate outliers were excluded respectively in corresponding correlations reported in the main text) 
as well as when correlating the averaged heart rate/body sway freezing scores of happy vs neutral faces 
across age (r = .51, p < .001, 95% CI [.31, .66]; 2 multivariate outliers were excluded in the corresponding 
correlations in the main text). 
Again, similar as in the main text, when including all participants, heart rate and body sway difference 
scores of angry vs happy faces were positively associated only at age 14 (r = .38, p = .001, 95% CI [.18, .56]; 4 
multivariate outliers were excluded in the corresponding correlation in the main text), but not at age 17 (r = 
.06, p > .250, 95% CI [-.14, .26]; 1 multivariate outlier was excluded in the corresponding correlation reported 
in the main text). The averaged heart rate/body sway freezing scores of angry vs happy faces at ages 14 and 
17 were positively correlated (r = .50, p < .001, 95% CI [.30, .65]; 4 multivariate outliers were excluded in the 
corresponding correlation in the main text). 
Appendix S9 | State anxiety
State anxiety was assessed before the freezing assessment at both ages 14 and 17. We used a self-report 
visual analog (VAS) scale on which participants indicated on a scale from 0–100 (0 = not anxious at all; 100 = 
extremely anxious) how anxious they felt at that moment. Data at age 14 were missing for four participants; 
for three of them, we relied on a previous assessment filled in approximately 1 hour before. To help interpret 
the observed coherence in heart rate and body sway to angry vs neutral faces as well as to happy vs 
neutral faces, in terms of whether they reflect freezing-like behavior, we explored whether heart rate 
and/or body sway difference scores of these two emotion contrasts were associated with individuals’ 
level of self-reported state anxiety, separately at ages 14 and 17. As previous research suggests that 
state anxiety is only associated with freezing-like behavior in response to angry faces (Niermann et al., 
2015; Roelofs, Hagenaars, et al., 2010), we expected that we would observe a negative association for 
angry vs neutral faces, but not for happy vs neutral faces. However, we observed no associations with 
state anxiety, neither with the difference scores of angry vs neutral faces nor with the differences score 
of happy vs neutral faces (all ps > .05).
9 Data of all adolescents who participated in the assessments at either age 14 or age 17 were used 
to compute the correlations between heart rate and body sway difference scores separately per age. 
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Abstract
Given the long-lasting detrimental effects of internalizing symptoms, there is great need for detecting 
early risk markers. One promising marker is freezing behavior. Whereas initial freezing reactions 
are essential for coping with threat, prolonged freezing has been associated with internalizing 
psychopathology. However, it remains unknown whether early-life alterations in freezing reactions 
predict changes in internalizing symptoms during adolescent development. In a longitudinal study 
(N = 116), we tested prospectively whether observed freezing in infancy predicted the development 
of internalizing symptoms from childhood through late adolescence (until age 17). Both longer 
and absent infant freezing behavior during a standard challenge (robot-confrontation task) were 
associated with internalizing symptoms in adolescence. Specifically, absent infant freezing predicted 
a relative increase in internalizing symptoms consistently across development, from relatively low 
symptom levels in childhood to relatively high levels in late adolescence. Longer infant freezing 
also predicted a relative increase in internalizing symptoms, but only up until early adolescence. 
This latter effect was moderated by peer stress and was followed by a later decrease in internalizing 
symptoms. The findings suggest that early deviations in defensive freezing responses signal risk for 
internalizing symptoms and may constitute important markers in future stress vulnerability and 
resilience studies.
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Freezing, characterized by bodily immobility and decreased heart rate, is one of the most common 
defensive reactions to threatening situations, widely observed across species. This parasympathetically-
driven temporary break on the motor system is known to promote selection of adequate coping 
reactions by facilitating perception, risk assessment, and action preparation (Blanchard, 2017; 
Kozlowska et al., 2015; Roelofs, 2017). Alterations in this basic defensive stress reaction have been 
linked to long-lasting internalizing symptoms (i.e., signs of anxiety and depression) in animals (Kalin & 
Shelton, 2003; Qi et al., 2010). Recent cross-sectional studies have confirmed the association between 
prolonged freezing and internalizing symptoms in humans (Kozlowska et al., 2015; Niermann, Figner, 
Tyborowska, et al., 2017). Although objective early life risk markers are needed, the predictive value 
of early alterations in freezing for the later development of internalizing symptoms is not known. 
Therefore, this study examined prospectively whether and how alterations in infant freezing predict 
the development of internalizing symptoms from childhood into late adolescence.
The tendency to reduce activity when exposed to threat has been observed frequently in infants (Buss 
et al., 2004). Given the relative helplessness of infants, this reduced activity may represent an important 
coping response even to mildly threatening situations. This response of the autonomic nervous system 
is generated by midbrain serotonin-mediated projections, specifically amygdala-periaqueductal gray 
projections to the medulla and spinal cord (Roelofs, 2017). Whereas immediate freezing to threat is 
considered adaptive, prolonged freezing can be a sign of reduced flexibility to respond to environmental 
changes and has been suggested to prevent adequate stress coping (Buss & Larson, 2000; Hagenaars et 
al., 2014). Indeed, extensive animal work has shown that freezing is related to more complex approach-
avoidance decisions, biasing decisions toward avoidance (Campese, McCue, Lázaro-Muñoz, LeDoux, 
& Cain, 2013; Campese, Kim, Rojas, & LeDoux, 2017; LeDoux, Moscarello, Sears, & Campese, 2017). 
This is relevant as avoidance is the main maintaining and perhaps even causal factor of internalizing 
symptoms (Craske, 2003). Recent human work also has shown that prolonged freezing—or poor 
recovery from an initial freezing response—predicts subsequent instrumental avoidance responses (Ly 
et al., 2014; Ly et al., 2016) and is associated with increased internalizing symptoms (Kozlowska et al., 
2015; Niermann, Figner, Tyborowska, et al., 2017). Therefore, we hypothesized that freezing is adaptive, 
but that alterations in this defensive response early in life—in the form of longer freezing—will predict 
increasing levels of internalizing symptoms in childhood to late adolescence. Given emerging evidence 
for a proposed nonlinear association between freezing and psychopathology (Fragkaki et al., 2017), we 
also explored potential detrimental outcomes associated with reduced freezing behavior: absence of 
or reduced freezing—in a context where freezing is a typical response in most individuals—may also 
reflect maladaptive stress coping, which in turn could be related to internalizing symptoms as well 
(Adenauer et al., 2010; Fragkaki et al., 2017; Stoffels et al., 2017).
The freezing response shows high heritability and stability in animals and humans (Niermann, Figner, 
Tyborowska, Cillessen, & Roelofs, 2018), but is also sensitive to stress (Rogers et al., 2008). Accordingly, 
human diathesis stress models propose that individuals’ vulnerability in the form of altered freezing 
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leads to internalizing symptoms, particularly when vulnerable individuals are exposed to stressful 
life circumstances (e.g., Zuckerman, 1999). Poor quality of relationships with parents and peers 
highly impact the developing individual (Sebastian, Viding, Williams, & Blakemore, 2010). Therefore, 
our second hypothesis was that these social stress factors would further strengthen the association 
between altered infant freezing and the development of internalizing symptoms.
Finally, in line with the role of serotonin in freezing, genetic variation in the gene encoding the 
serotonin transporter (SLC6A4) has been associated with altered freezing and increased vulnerability to 
develop internalizing symptoms in animals (Bethea et al., 2004; Homberg, 2012). In humans, variations 
in SLC6A4/5-HTT/SERT have been linked to depression, especially in conjunction with stress (Bleys, 
Luyten, Soenens, & Claes, 2018). We therefore explored whether individuals carrying depression-risk 
alleles of the functional variant in SLC6A4/5-HTT/SERT (called 5-HTTLPR) display alterations in freezing 
responses as infants. 
We tested our hypotheses prospectively in a longitudinal study (e.g., Niermann et al., 2015; van Bakel & 
Riksen-Walraven, 2002a) that allowed us to relate systematic observations of freezing in 15-month-old 
infants to internalizing symptoms across development into late adolescence (ages 5, 9, 12, 14, and 17).
Method
Participants
Participants were part of the Nijmegen Longitudinal Study (NLS), which started in 1998 with a 
community-based sample of 129 infants at 15 months of age (48% females, Mage = 14.88 months, 
SD = 0.25, rangeage: 14.37-15.42) recruited via health care centers in Nijmegen (the Netherlands). The 
children and their families were followed every two to three years (Table 1) and were representative of 
the Dutch population (for recruitment and family characteristics, see van Bakel and Riksen-Walraven 
(2002a)). Participants were excluded from analyses (n = 13) if there was no videotape material (i.e., 
infant was not confronted with the situation used to assess infant freezing behavior), if infant freezing 
could not be reliably assessed (e.g., due to poor video quality, over-involvement of primary caregiver, 
infant tiredness), and/or if self- and parent-reported internalizing data were lacking. Some participants 
had no self-reported (n = 4) or parent-reported (n = 1) internalizing data, resulting in sample sizes 
of 112 participants (46% females) for the self-reported internalizing analyses and 115 participants 
(46% females) for the parent-reported internalizing analyses. Genetic data on 5-HTTLPR, a functional 
polymorphism in the regulatory region of SLC6A4, was available for 95 of the 116 participants included 
in current analyses. Here, we also included information on a functional single nucleotide polymorphism 
(SNP) in 5-HTTLPR, rs25531, resulting in the genotype-groups: (i) L’-homozygotes (LA/LA): n = 27; (ii) L’/S’-
heterozygotes (LA/S, LA/LG): n = 47; (iii) S’-homozygotes (LG/LG, S/LG, S/S): n = 21 (procedures of collection 
and isolation of genetic material, as well as of genotyping are described in Appendix S1 in Supplemental 
Material [SM]). For information on socioeconomic status and attrition analyses, see Appendix S2 in SM. 
Infant freezing and internalizing symptoms| 111
 6
Prior to participation, parents gave informed consent, later accompanied by children’s informed assent. 
Participants received either a small gift or were financially reimbursed for participation. The study was 
approved by the local ethics committee (CMO region Arnhem-Nijmegen, the Netherlands).
Procedures and measures
Infant freezing
Freezing behavior at 15 months was assessed from videotapes recorded during a robot-confrontation 
paradigm, which was adapted from Mullen, Snidman, and Kagan (1993) and has been previously 
described for the NLS by van Bakel and Riksen-Walraven (2004). During this 3-minute paradigm, 
participants were confronted with a colorful, mechanical robot (Appendix S3 in SM). Freezing was 
defined as a marked decrease in activity lasting for ≥3 sec with little or no bodily movement (Buss et al., 
2004) combined with no vocalization (Kalin & Shelton, 1989). A trained coder watched all videos and 
coded the duration of each freezing episode using a stopwatch. Reliability was determined based on 
having 22% of the videotapes coded by a second trained coder, resulting in a moderate-to-good intra-
class correlation of .76, 95% CI [.66, .83]. 
Total scores were created by summing the duration of an infant’s freezing episodes. To control for slight 
variations in time of exposure to the robot, proportion scores were computed by dividing the total 
duration of freezing by the total duration that the infant experienced the situation (M = 0.11, SD = 0.10, 
range: 0.00-0.41; see Appendix S3 in SM for more descriptive information on infant freezing). Infant 
freezing showed only weak to moderate associations with other temperamental fearfulness measures, 
suggesting that freezing can be considered a separate construct (see Appendix S3 and Table S1 in SM).1 
Self-reported internalizing symptoms
Because self-reflection on internalizing symptoms may change with development, age-appropriate 
measures of anxiety and depression were selected to reliably assess internalizing symptoms at 
1 We also assessed freezing in a stranger situation (van Bakel & Riksen-Walraven, 2004). However, 
because only 34 of the 116 infants showed at least one freezing episode during this situation, 
these data showed an uneven distribution, decreasing the likelihood of being able to link freezing 
to internalizing symptoms (see for results Appendix S4; Table S2 and S3 in SM). Buss (2011) found 
that a robot confrontation elicited more fearful behavior compared to a stranger confrontation. This 
appears to be consistent with our observation of more freezing behavior in the robot condition 
than the stranger confrontation, suggesting that a robot might trigger stronger responses than 
a stranger in these experimental situations. Nevertheless, the freezing response coded for the 
stranger and robot conditions were correlated with each other (r = .21, p = .003, 95% CI [.08, .33]; we 
used the rank based correlation coefficient Kendall’s tau because of the constrained [i.e., between 0 
and 1] distribution of infant freezing).
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ages 9, 12, 14, and 17 (Table 1; see Appendix S5 in SM for justification, validity, and reliability of 
the measures). To arrive at one score for internalizing symptoms per age and to deal with missing 
values at the item and scale levels, we computed compound scores as follows: first, we calculated 
an average score separately for anxiety and depression per age. If a participant missed single items 
on a particular questionnaire (n = 12), we computed the average raw score from the non-missing 
items for this specific participant. Next, we standardized for all participants these average scores 
of anxiety and depression per age and averaged the anxiety and depression scores to combine 
them into one single score of internalizing symptoms per age (Cherlin, Chase-Lansdale, & McRae, 
1998; Haselager, Cillessen, van Lieshout, Riksen-Walraven, & Hartup, 2002). If a participant missed 
a full questionnaire at a certain age (n = 25), the internalizing score for that specific participant at 
that specific age was based on the non-missing questionnaire. Higher scores indicated more self-
reported internalizing symptoms. Some participants missed internalizing symptom scores at some 
of the four assessment points: 23% missed one, 13% missed two, and 4% missed three. The final 
self-reported internalizing scores were positively pairwise correlated across age (rs between .33-.57, 
all ps < .01), except between ages 9 and 14 (r = .22, p = .061, 95% CI [-.01, .43]), and between 9 and 
17 (r = .14, p = .224, 95% CI [-.08, .34]). 
Parent-reported internalizing symptoms
For parent-reported internalizing symptoms we used the internalizing subscale of the Child Behavior 
Checklist (CBCL; Achenbach, 1991) at ages 5, 9, 12, 14, and 17, using age-appropriate versions (Table 
1; Appendix S6 in SM). To account for different numbers of items in each version, we calculated an 
average overall score per age. Higher scores reflected more parent-reported internalizing symptoms. 
Similar to self-report procedures, we determined an adjusted average score for participants who 
missed single items per age (n = 5). Contrary to self-report procedures, standardization per age was 
not required, as the same questionnaire (CBCL) with the same answer scale (0-2) was used across 
all ages. Parent-reported internalizing symptoms were positively pairwise correlated across age (rs 
between .33-.64, all ps < .01), except between ages 5 and 14 (r = .14, p = .213, 95% CI [-.08, .35]), and 
between 5 and 17 (r = .20, p = .052, 95% CI [-.002, .38]). Some participants missed the internalizing 
symptoms at some of the five assessment points: 23% missed one, 11% missed two, 5% missed 
three, and 3% missed four. Parent- and self-reported internalizing symptoms were correlated with 
each other at ages 9 (r = .31, p = .005, 95% CI [.10, .49]), 14 (r = .37, p = .001, 95% CI [.17, .55]), and 17 
(r = .34, p = .001, 95% CI [.15, .51]), but not at age 12 (r = .00, p > .250, 95% CI [-.20, .19]).
Parental stress
Structured parent-child interactions were assessed for the quality of parental behavior to indicate 
parental stress at 15-months, 2.5, 5, 7, and 12 years of age (Niermann et al., 2015). Trained observers 
rated the age-appropriate parent-child interactions on five seven-point scales (Erickson et al., 1985): 
(1) supportive presence/provision of emotional support, (2) respect for the child’s autonomy/non-
intrusiveness, (3) effective structure/limit-setting, (4) quality of instructions, (5) hostility. We reversed 
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the hostility scores, standardized each scale per age, and summed these scales to obtain one score 
of parental stress per age. Higher scores indicated lower parental stress. As these total scores were 
positively correlated between ages (rs between .39-.63, p < .001), they were averaged to one overall 
score of parental stress. Missing data (14% missed one, 5% missed two, 3% missed three, 1% missed 
four measurement points) were handled by computing an average score from the non-missing 
observations.
Peer stress
Social preference by peers was assessed at ages 9, 12, 13, and 16 to indicate peer stress (van den 
Berg, Burk, & Cillessen, 2014). Using a well-established sociometric approach, participants and their 
classmates were asked to nominate classmates (excluding self-nominations) whom they liked most 
and whom they liked least. For each question, the number of nominations received was counted and 
standardized within classrooms. A score for social preference was computed per age as the difference 
between the standardized most-liked and least-liked scores, and again standardized within classrooms. 
As these scores were positively correlated across age (rs between .26-.63, p < .05), an average overall 
score of peer preference across age was calculated, with lower scores indicating being more disliked, 
so higher levels of peer stress. Good reliability and high stability of peer preference scores have been 
established previously (Jiang & Cillessen, 2005). Missing values (25% missed one, 14% missed two, 4% 
missed three measurement points) were handled in a similar way as parental stress. Two participants 
were excluded from the social environment analyses for parent-reported and one for self-reported 
internalizing symptoms because they missed all peer preference scores. 
Statistical analyses
All analyses were conducted in R (version 3.3.2; R Core Team, 2016). To investigate the effect of infant 
freezing on changes in internalizing symptoms, we used a linear mixed-effect model approach 
(lmer function; lme4 package; Bates et al., 2015). We conducted two linear mixed-effect models, 
including either self- or parent-reported internalizing symptoms as the dependent variable, and 
infant freezing as the independent variable. Each model also examined the polynomial (linear and 
quadratic) effects of age as a main effect and in interaction with infant freezing on internalizing 
symptoms. An advantage of linear mixed-effects models is that they can use all available data of the 
dependent variable of internalizing symptoms, even when some observations for some participants 
are missing. For detailed information on statistical analyses, see Appendix S7 in SM. To examine 
whether the experience of parental and/or peer stress moderated the association between infant 
freezing and relative changes in internalizing symptoms, we included parental and peer stress in the 
models each as main effect, as well as in two-way and three-way interactions with infant freezing and 
the linear and quadratic effects of age. Finally, we explored the role of 5-HTTLPR/rs25531 genotype 
in infant freezing. We used ranked-based regressions from the Rfit package (Kloke & Mckean, 2012) 
to deal with the constrained distribution (between 0-1) of infant freezing.
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Results
The mixed-effect model for self-reported internalizing symptoms resulted in interactions between 
linear age × infant freezing, χ2(1) = 7.41, p = .007, 95% CI [-0.04, -0.01], and quadratic age × infant 
freezing, χ2(1) = 8.38, p = .007, 95% CI [-0.04, -0.01]. These interaction effects suggest that individuals’ 
levels of infant freezing positively predicted increases in internalizing symptoms relative to others2 
in the sample during early adolescence (Figure 1). However, during late adolescence, higher 
infant freezing predicted relatively decreasing levels of internalizing symptoms. More specifically, 
individuals showing longer infant freezing behavior (1 SD above mean) showed more internalizing 
symptoms relative to others at age 12, but showed relatively fewer internalizing symptoms 
afterwards (Figure 1C). In contrast, individuals who showed no3 infant freezing (1 SD below mean) 
displayed relatively fewer internalizing symptoms across adolescence before age 17. At age 17, 
they tended to report more symptoms than their peers (Figure 1A). Individuals with medium infant 
freezing (M = 0) showed no changes in their internalizing symptoms across age (Figure 1B; see Table 
S4 in SM for results of the full model).
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Figure 1 | Model-based changes in self-reported internalizing symptoms at ages 9, 12, 14, and 17 as a function of infant 
freezing and peer preference (no freezing/low preference [1 SD below mean]; medium freezing/medium preference [M = 0]; 
longer freezing/high preference [1 SD above mean]). Whereas absent infant freezing was predictive of a continuous increase 
from relatively low to relatively high internalizing symptoms up until late adolescence (Panel A), longer freezing was only related 
to relative increases in internalizing symptoms during early adolescence as a function of low peer preference, a pattern which 
decreased with age (Panel C). Medium infant freezing was not predictive of alterations in internalizing symptoms (Panel B). 
Standardized scores were used for self-reported internalizing symptoms.
2 We used standardized scores for self-reported internalizing symptoms. Therefore, the effects reflect 
relative changes in internalizing symptoms (Cherlin et al., 1998; Haselager et al., 2002). 
3 Individuals scoring 1 SD below mean, represent all individuals who showed no infant freezing. 
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All reported effects remained when controlling for gender and externalizing symptoms (Appendix S9, 
S10; Table S4, S6 in SM), and when predicting self-reported depressive and anxiety symptoms separately, 
except for the quadratic age × infant freezing interaction for self-reported anxiety symptoms. The 
absence of this latter effect likely results from the fact that the anxiety measurement at age 12 was 
missing (Appendix S11; Table S7, S8; Figure S2 in SM). 
Infant freezing and social environment
To test whether social environment moderated the effects of freezing on self-reported internalizing 
symptoms, we added parental and peer stress to the model. The results showed similar interactions for 
linear and quadratic age × infant freezing, χ2(1) = 9.12, p = .006, 95% CI [-0.04, -0.01] and χ2(1) = 10.11, p = 
.002, 95% CI [-0.04, -0.01], respectively, replicating the effects just reported. Most critically, we observed 
a three-way interaction for peer preference × quadratic age × infant freezing, χ2(1) = 5.78, p = .020, 95% 
CI [0.003, 0.03]. This three-way interaction was interpreted based on Figure 1, illustrating model-based 
predictions. It suggests that only those youths who exhibited longer infant freezing (1 SD above mean) 
and were disliked by their peers (1 SD below mean) displayed relatively higher internalizing symptoms 
at ages 12 and 14 (Figure 1C). In contrast, the above-reported relative increase in internalizing symptoms 
across adolescence in individuals with no infant freezing (1 SD below mean) occurred irrespective of 
their peer preference (Figure 1A). Similarly, the absence of differences in internalizing symptoms across 
age in individuals with medium infant freezing (M = 0) remained, irrespective of their peer preference 
(Figure 1B). We observed no moderating effect for parental stress (parental stress × quadratic age × 
infant freezing, χ2(1) = 1.69, p = .213, 95% CI [-0.01, 0.03]). For results of the full model, see Table S4 in 
SM. As before, all reported effects remained when controlling for externalizing symptoms (Appendix 
S10; Table S6 in SM) and when predicting depressive and anxiety symptoms separately (Appendix S11; 
Table S7, S8 in SM). Infant freezing did not predict changes in parent-reported internalizing symptoms 
and was not moderated by parental or peer stress (Appendix S8; Table S5 in SM).
Serotonin transporter gene polymorphism
We explored the role of genetic variation in serotonin signaling in deviant freezing, as seen in animals 
(Homberg, 2012). First, we explored whether 5-HTTLPR/rs25531 genotype (S’-homozygotes vs L’-
carriers [L’/L’ and L’/S’ combined]) could predict infant freezing in a linear fashion, which was not the 
case (estimate = 0.00, t = -0.04, p > .250). Then, we tested for an association with deviant freezing in 
both (extremely low and high) directions. We used centered freezing scores to compute participants’ 
absolute score as the degree to which they deviated from the mean. Therefore, a higher score (more 
deviant freezing) reflected either absent or excessively long freezing. This model confirmed that 
S’-homozygotes showed more deviant freezing behavior when compared to L’-carriers (estimate = 
-0.01, t = -2.55, p = .012; Figure S3 in SM). This result remained when controlling for gender (5-HTTLPR/
rs25531: estimate = -0.01, t = -2.47, p = .015; gender: estimate = 0.00, t = -0.42, p > .250). However, we 
observed no main effect of 5-HTTLPR/rs25531, when 5-HTTLPR/rs25531 was coded as a predictor 
with three levels (S’/S’, L’/L’, L’/S’-carriers; F(2, 92) = 2.11, p = .127). Finally, we checked whether 
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genotype (S’-homozygotes vs L’-carriers) moderated the association between deviant freezing and 
participants’ peak in self-reported internalizing symptoms. This was not the case. Nonetheless, the 
effect of deviant freezing on internalizing symptoms remained (Appendix S12 in SM).
Discussion
The aim of this study was to investigate whether early signs of alterations in freezing predict changes 
in the relative development of internalizing symptoms. The results suggest that deviations in infant 
freezing—both longer and absent freezing—were associated with relative increases in self-reported 
internalizing symptoms at different ages during adolescence. Specifically, absent infant freezing 
predicted a relative increase in internalizing symptoms consistently across development, from 
relatively low symptom levels in childhood to relatively high levels in late adolescence. Longer infant 
freezing also predicted a relative increase in internalizing symptoms but only until early adolescence; 
this pattern was moderated by peer stress and was followed by a decrease afterwards. In light of 
the stability and conceptualization of freezing as a trait (Buss et al. (2004); Rogers et al. (2008); but 
see also Niermann et al. (2018)) as well as in light of the current observation of deviant freezing in 
S’-homozygotes of 5-HTTPLR/rs25531, our findings suggest that deviant infant freezing—both longer 
and absent freezing—may signal risk for the development of internalizing symptoms. 
Previous work indicated that freezing in low-risk contexts predicts hyper stress responding, which is a 
potential risk for internalizing symptoms (Buss & McDoniel, 2016). We extended these findings in three 
ways. Our results suggest that (1) threat-related freezing is also informative of developing internalizing 
symptoms, (2) not only increased but also absent freezing predicts internalizing symptoms, and 
(3) different types of deviant (longer vs absent) freezing predict different time-varying patterns of 
internalizing symptoms across age.
Our finding of increasing internalizing symptoms across development for individuals showing no 
infant freezing may at first seem surprising. It is, however, consistent with the notion that freezing is 
an adaptive response, facilitating perception, decision-making, and action preparation in threatening 
situations (Blanchard, 2017; Kozlowska et al., 2015; Roelofs, 2017). It is also in line with neurochemical 
theories suggesting that a decrease in inhibition in an aversive context may be a mechanism 
contributing to the development of affective disorders (Dayan & Huys, 2009). This phenomenon of 
aversive disinhibition and excessive forms of inhibition, likewise, have been associated with altered 
serotonin signaling (due to depletion or genetic predisposition; Dayan & Huys, 2009). In line with this 
work, our explorative analysis suggests that S’-homozygotes of 5-HTTLPR/rs25531 show more deviant 
freezing than L’-carriers. This finding suggests a similar genetic basis of alterations in human freezing 
as previously reported for animals (Bethea et al., 2004; Homberg, 2012). However, 5-HTTLPR/rs25531 
polymorphism did not moderate the association between freezing and internalizing symptoms in this 
study, suggesting that freezing—although related to 5-HTTLPR/rs25531—is independently associated 
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with internalizing symptoms. This is in line with the observation of inconsistent meta-analytic findings 
of 5-HTTLPR on internalizing symptoms (Bleys et al., 2018; Culverhouse et al., 2017). 
Our finding of increasing internalizing symptoms in individuals with higher infant freezing is consistent 
with previous notions that reduced ability to recover from an initial freezing response is a potential 
signal of maladaptive stress coping. It may reduce an individual’s flexibility to adequately respond to 
environmental changes during threat (Buss & Larson, 2000; Hagenaars et al., 2014; Niermann, Figner, 
Tyborowska, et al., 2017). Additionally, it is consistent with findings linking prolonged freezing to 
increased internalizing symptoms (Kozlowska et al., 2015; Niermann, Figner, Tyborowska, et al., 2017). 
Consistent with diathesis stress models (e.g., Zuckerman, 1999), only individuals showing both longer 
infant freezing and high peer stress demonstrated a relative increase in self-reported internalizing 
symptoms, and did so only during early adolescence. Indeed, poor peer relationships have been related 
to internalizing disorders, whereas high quality of peer relationships may act as a buffer preventing the 
negative consequences of longer infant freezing (Deater-Deckard, 2001). Surprisingly, the association 
between longer infant freezing and relative increases in internalizing symptoms was only present during 
early adolescence, and reversed afterwards. The latter observation contrasts with findings of increased 
risk for internalizing disorders in cross-sectional studies at various ages in inhibited children (for a 
meta-analysis, see Clauss & Blackford, 2012). It is difficult, however, to compare these cross-sectional 
findings directly with our longitudinal intrapersonal changes. Future studies testing these associations 
in an independent longitudinal sample are needed, which should also assess developmental changes 
in sensitivity to peer stimuli that may have affected our findings (Sebastian et al., 2010). 
The quality of peer relationships moderated the association with internalizing symptoms only in 
individuals with longer but not with absent infant freezing. This effect could not be attributed to 
differences in quality of peer relationships (Appendix S13 in SM). It is possible that individuals showing 
no freezing-like behavior (and hence took less time to carefully assess their environment) were also less 
sensitive to the influence of peer stimuli. The fact that our moderation effect was only present for peer 
but not parental stress, is possibly due to adolescents’ increased orientation towards their peers and 
less towards their parents (Sebastian et al., 2010).
Freezing is described as a crucial component of behavioral inhibition, a trait describing stable individual 
differences in reactivity and regulation of fear that is associated with risk for anxiety and depression 
(Clauss & Blackford, 2012; Fox et al., 2005). The differential effects for reduced vs increased freezing in terms 
of temporal dynamics of internalizing symptom development suggest that it may be worth exploring 
freezing separately from behavioral inhibition. Notably, whereas behavioral inhibition typically consists 
of behaviors that can be related to both sympathetic and parasympathetic stress responses (Fox et al., 
2005), assessing freezing separately allows for a specific investigation of the parasympathetic state—a 
critical component in action selection and flexible stress coping (Kozlowska et al., 2015; Roelofs, 2017). 
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Interpretational issues
To assess internalizing symptoms across development, we selected and standardized age-
appropriate self-report questionnaires of anxiety and depression. The use of age-appropriate 
measures may have confounded the observed differences due to a change in measurement tool 
and should therefore be replicated in an independent sample. The alternative option, however—
selecting the same self-report questionnaire for assessments from age 9 to late adolescence—
would have had the disadvantage of not using age-optimized measures. Therefore, by selecting 
psychometrically sound, and age-appropriate measures (recommended by Cillessen & Lansu, 2015; 
see also Appendix S5 in SM for the justification, validity, and reliability of the measures), we feel we 
have optimized the validity and reliability of our measurements.
We did not observe any associations between individuals’ infant freezing and parent-reported 
internalizing symptoms. However, adolescents are known to experience more internalizing 
symptoms than is typically recognized by parents, suggesting that they are the most reliable 
informants of their own emotions and thoughts (Sourander, Helstela, & Helenius, 1999).
The increased internalizing symptoms observed in this study concern relative changes that did not 
exceed clinical cut-off scores (Appendix S11 in SM). However, even moderately increased levels of 
internalizing symptoms during adolescence have been linked to risk for later psychopathology 
(Reinherz, Paradis, Giaconia, Stashwick, & Fitzmaurice, 2003). This suggests that the atypical freezing 
pattern observed in our study—reflecting either absent or increased freezing—may mark an 
individual’s vulnerability to develop internalizing symptoms at some stage of their development. 
Using high-risk samples, future stress vulnerability and resilience studies should determine whether 
this is indeed the case. 
During adolescence, a general increase in internalizing symptoms, particularly for girls, has been 
well-documented (Bongers et al., 2003). We also observed this increase in parent- and self-reported 
measures, suggesting that our sample was normative (Appendix S9; Figure S1 in SM). 
Conclusions
This prospective longitudinal study suggests that the absence of infant freezing behavior predicts a 
consistent pattern of relative increases of internalizing symptoms across adolescence, from relatively 
low symptom levels in childhood to relatively high levels in late adolescence. In contrast, longer infant 
freezing predicted relative increases of internalizing symptoms during early adolescence followed by a 
decrease during late adolescence. This effect was moderated by peer stress. These findings suggest that 
alterations in infant freezing—both longer and absent freezing—may mark individuals’ vulnerability for 
the development of internalizing symptoms and may be an important marker for stress vulnerability 
and resilience studies.
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Supplemental Material
Appendix S1 | 5-HTTLPR genotyping
Genetic analyses were carried out at the Department of Human Genetics of the Radboud University 
Medical Center (Nijmegen, the Netherlands). Saliva samples were collected using Oragene kits (DNA 
Genotek, Kanata, Canada; 99.7% genotypic concordance with blood; Rylander-Rudqvist, Hakansson, 
Tybring, & Wolk, 2006), and genomic DNA was extracted as specified by the manufacturer. 
The promoter region of the serotonin transporter gene (SLC6A4) contains a variable number of 
tandem repeats polymorphism (VNTR), 5-HTTLPR, with two frequent alleles (short [S] and long [L] 
alleles), and a single nucleotide polymorphism (SNP; rs25531) resulting in an A/G substitution in 
the 5-HTTLPR. In combination with the VNTR, only the long/A allele (LA) is associated with higher 
expression of the gene, whereas the long/G allele (LG) is comparable to the S-allele, with lower levels 
of mRNA (Hu et al., 2006). Rs25531 was genotyped using Taqman (Applied Biosystems). The 5-HTTLPR 
VNTR was genotyped using standard PCR protocols. After the PCR, fragment length analysis was 
performed on the ABI Prism 3730 Genetic Analyser (Applied Biosystems, Nieuwekerk a/d Ijssel, 
the Netherlands), and results were analyzed with GeneMapper® Software, version 4.0 (Applied 
Biosystems). We classified participants based on expression level: high (LA/LA; n = 27), intermediate 
(LA/S, LA/LG; n = 47), and low (LG/LG, S/LG, S/S; n = 21). No deviations from Hardy-Weinberg Equilibrium 
were found for the 5-HTTLPR genotype at p < .05. Additionally, there was no significant difference in 
genotype frequencies between gender (estimate = 0.41(0.24), z = 1.71, p = .088). 
Appendix S2 | Socioeconomic status (SES) and attrition analysis
SES was determined for the 15-months assessment wave based on the level of education (along a 
7-point scale) and level of occupation (along a 7-point scale) for both parents. To derive a single SES 
score per participant, we first standardized the levels of education and occupation separately per 
parent, summed those scores for each parent, and calculated an average score across parents. For 
single parents (n = 6), the level of education and occupation of the primary caregiver was used (see 
also Smeekens et al., 2007b). SES of the participants included in current analyses varied between 
-3.12 and 2.63 (M = -0.004, SD = 1.65). 
Participants missing all self-reports of internalizing data (n = 9) did not differ in their freezing 
response (Yt = 1.18, 95% CI [-0.03, 0.11]) nor in their SES score (Yt = 2.67, 95% CI [-0.21, 4.56]) from 
participants included in the self-reported internalizing analyses.
Appendix S3 | Infant freezing to robot
During the robot-confrontation, the primary caregiver was present throughout the procedure, 
but instructed to remain uninvolved unless the infant became upset and needed assistance. 
The experimenter controlled the robot remotely by turning its lights and sounds on and off, 
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and moving it forwards and backwards. The distance between the robot and the infant varied 
depending on the infant’s interaction with the robot. The robot situation lasted on average 3 
minutes (M = 186.97 sec; SD = 52.76). 
The observed intra-class correlation for infant freezing based on 22% of the videotapes was .76, 
95% CI [.66, .83] (as reported in the main text), which was similar to previous freezing observation 
reliability measures (Buss et al., 2004). Of our analysis sample, 98 of the infants showed at least one 
freezing episode (≥3 sec; a freezing episode lasted on average 6.64 sec; SD = 4.09; range: 3-24 sec). In 
total, these 98 infants showed 355 freezing episodes (M = 3.06, SD = 2.36, range: 0-10), of which 11% 
were followed by approach, 18% by avoidance, and 8% by distress behavior, whereas the remaining 
63% showed no clear pattern of behavior after freezing.
To verify whether freezing can be considered a separate construct that at the same time is associated 
with other closely related concepts, we correlated freezing in response to the robot confrontation 
with other temperamental fearfulness assessments taken during the same robot confrontation (i.e., 
referencing to primary caregiver, physical contact with primary caregiver, physical contact with 
robot, laughing at primary caregiver, laughing at robot, and crying; as determined previously by van 
Bakel and Riksen-Walraven (2004)). Infant freezing was positively associated with physical contact 
with primary caregiver, and negatively associated with physical contact with robot, laughing at 
primary caregiver, and laughing at robot. It was not associated with referencing to primary caregiver 
and crying. Additionally, infants’ level of behavioral inhibition was positively correlated with infants’ 
level of freezing. Behavioral inhibition was taken as a single summary score of (i) latency to the 
infant’s first vocalization, (ii) latency to touch the toy, and (iii) duration of proximity to primary 
Table S1 | Correlational results (with 95% confidence intervals in parentheses) of infant freezing behavior to robot confrontation 
with other temperamental fearfulness assessments. 
Infant freezing
Physical contact with primary caregiver .17 [.03, .31]*
Physical contact with robot -.24 [-.38, -.10]**
Laughing at primary caregiver -.17 [-.27, -.06]*
Laughing at robot -.19 [-.33, -.06]**
Referencing to primary caregiver -.10 [-.23, .05]
Crying -.09 [-.23, .05]
Behavioral inhibition .16 [.04, .28]**
Social fearfulness -.04 [-.16, .06]
Notes: * p < .05, ** p < .01, We used the rank based correlation coefficient Kendall’s tau because of the constrained (i.e., between 
0 and 1) distribution of infant freezing, but also of the temperamental fearfulness assessments (i.e., rated as either 1 [= not at all 
present], 2 [= sometimes present], or 3 [= often present]) taken during this robot confrontation, determined previously by van 
Bakel and Riksen-Walraven (2004).
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caregiver determined in both the robot and stranger conditions (Fox, Henderson, Rubin, Calkins, & 
Schmidt, 2001). However, infants’ freezing was not associated with social fearfulness, assessed via 
parent-reported Toddler Behavior Assessment Questionnaire at 15 months of age (TBAQ; Goldsmith 
& Rothbart, 1991). For statistical details of these correlational results, see Table S1. These correlational 
analyses suggest that freezing is correlated with other temperamental fearfulness measures, but at 
the same time these relatively low correlations (i.e., Kendall’s tau correlation coefficient) suggest 
that freezing can be considered a separate construct. 
Appendix S4 | Infant freezing to stranger
We also assessed infant freezing during a stranger situation. During this situation, a woman unfamiliar 
to the infant entered the room with a toy ladybug containing colorful blocks and sat quietly for 
approximately 1 minute. The woman then started to play with the ladybird and the blocks and invited 
the infant to play with them as well (~2 minutes; van Bakel & Riksen-Walraven, 2004). Similar to infant 
freezing in the robot context, a trained coder scored all the videos. Reliability was determined using 
22% of the video tapes that were joint-coded with another trained coder, resulting in an intra-class 
correlation of .96, 95% CI [.93, .98]. Proportion scores were computed to control for different lengths 
in each stranger situation (M = 182.58 sec, SD = 35.02). Only 34 of the 116 infants showed at least one 
freezing episode during this situation (M = 0.01, SD = 0.03, range: 0.00-0.19).
Infant freezing in response to the stranger context did not predict relative changes in self- and 
parent-reported internalizing symptoms (self-reported internalizing symptoms: linear age × infant 
freezing: χ2(1) = 0.03, p > .250, 95% CI [-0.02, 0.02]; quadratic age × infant freezing: χ2(1) = 0.83, p 
> .250, 95% CI -0.02, 0.01]; parent-reported internalizing symptoms: linear age × infant freezing: 
χ2(1) = 0.17, p > .250, 95% CI [-0.003, 0.004]; quadratic age × infant freezing: χ2(1) = 0.28, p > .250, 
95% CI [-0.002, 0.003])4. Similar as reported in the main text, we observed a linear age effect for 
parent-reported internalizing symptoms, χ2(1) = 6.92, p = .010, 95% CI [0.001, 0.01], suggesting 
that participants showed an overall increase in parent-reported internalizing symptoms during 
development. Similar non-significant results were observed when gender was included as a main 
effect as well as in interaction with infant freezing and the linear and quadratic effects of age (self-
reported internalizing symptoms: linear age × infant freezing: χ2(1) = 0.44, p > .250, 95% CI [-0.03, 
0.01]; quadratic age × infant freezing: χ2(1) = 0.10, p > .250, 95% CI [-0.02, 0.02]; parent-reported 
internalizing symptoms: linear age × infant freezing: χ2(1) = 0.34, p > .250, 95% CI [-0.01, 0.003]; 
quadratic age × infant freezing: χ2(1) = 0.00, p > .250, 95% CI [-0.003, 0.003]). However, we could 
replicate the previously observed linear age × gender interaction (self-reported internalizing 
4 As only 34 of our participants showed infant freezing in response to the stranger context, we 
repeated the analyses but this time including infant freezing to the stranger as a categorical variable 
(freezing vs no freezing). These models also suggest that the effect of infant freezing (stranger 
context) on internalizing symptoms was not significant.
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Table S3 | Test statistics predicting parent-reported internalizing symptoms from linear effect of age, quadratic effect of age, infant freezing to stranger, and their interactions (Model 1). Model 
2 adds gender as main and interaction effects. Model 3 adds parental (Parent) and peer stress (Peer) as main and interaction effects.
M
odel 1: Infant freezing
M
odel 2: G
ender
M
odel 3: Social stress
Eff
ect
χ
2(df = 1)
p
95%
 CI
χ
2(df = 1)
p
95%
 CI
χ
2(df = 1)
p
95%
 CI
Linear age
6.92
.010*
0.001, 0.01
6.46
.015*
0.001, 0.01
4.87
.031*
0.0004, 0.01
Q
uadratic age
1.34
.250
-0.004, 0.001
1.20
> .250
-0.004, 0.001
1.99
.146
-0.004, 0.001
Freezing
0.19
> .250
-0.03, 0.02
0.16
> .250
-0.04, 0.02
0.44
> .250
-0.03, 0.02
Linear age × Freezing
0.17
> .250
-0.003, 0.004
0.34
> .250
-0.01, 0.003
0.04
> .250
-0.004, 0.003
Q
uadratic age × Freezing
0.28
> .250
-0.002, 0.003
0.00
> .250
-0.003, 0.003
0.36
> .250
-0.002, 0.004
G
ender
0.56
> .250
-0.01, 0.03
Linear age × G
ender
5.96
.022*
0.001, 0.01
Q
uadratic age × G
ender
1.71
.166
-0.001, 0.004
Freezing × G
ender
0.02
> .250
-0.03, 0.03
Linear age × Freezing × G
ender
0.81
> .250
-0.002, 0.01
Q
uadratic age × Freezing × G
ender
0.10
> .250
-0.003, 0.004
Parent
0.55
> .250
-0.03, 0.01
Peer
3.98
.059
-0.05, -0.0004
Linear age × Parent
5.20
.030*
0.001, 0.01
Linear age × Peer
3.18
.085
-0.01, 0.0003
Q
uadratic age × Parent
0.68
> .250
-0.002, 0.004
Q
uadratic age × Peer
0.09
> .250
-0.003, 0.002
Freezing × Parent
1.21
> .250
-0.01, 0.04
Freezing × Peer
1.32
> .250
-0.01, 0.03
Linear age × Freezing × Parent
0.97
> .250
-0.002, 0.01
Linear age × Freezing × Peer
2.74
.105
-0.0005, 0.01
Q
uadratic age × Freezing × Parent
0.11
> .250
-0.003, 0.004
Q
uadratic age × Freezing × Peer
0.77
> .250
-0.001, 0.003
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symptoms: χ2(1) = 11.14, p = .002, 95% CI [0.01, 0.05]; parent-reported internalizing symptoms: χ2(1) 
= 5.96, p = .022, 95% CI [0.001, 0.01]). When including parental and peer stress as main effects as 
well as in interaction with infant freezing and the linear and quadratic effects of age, similar non-
significant associations were observed. See for results of the full models Table S2 and S3. 
Appendix S5 | Self-reported internalizing measures
Participants rated their own internalizing behavior using different anxiety and depression 
questionnaires at ages 9, 12, 14, and 17. These questionnaires reflect reliable, valid, and age-
appropriate instruments to measure anxiety and depression. At age 9, we used the Short Depression 
Inventory for Children (SDIC; de Wit, 1987) and a shortened version of the Revised Children’s Manifest 
Anxiety Scale (RCMAS; consisting of 6 items; Reynolds & Richmond, 1978; Reynolds & Richmond, 
1985). The SDIC and RCMAS have good psychometric properties (Meijer, Mellenbergh, & de Wit, 1986; 
Reynolds & Richmond, 1978) and have been used previously in 9-year-olds to assess depression and 
anxiety respectively (Boer, Smit, Morren, Roorda, & Yzermans, 2009; Dadds, Spence, Holland, Barrett, 
& Laurens, 1997; Jansen, van de Looij-Jansen, de Wilde, & Brug, 2008; Kendall, 1994; Silverman et al., 
1999; van de Looij-Jansen, Jansen, de Wilde, Donker, & Verhulst, 2011). At age 12, only a depression 
questionnaire was administered. We used the Children’s Depression Inventory (CDI; Kovacs, 1981; 
translated by Timbremont & Braet, 2002), which is a widely used and one of the most scrutinized 
measures for self-reported depression in adolescence (Saylor, Finch, Spirito, & Bennett, 1984; Smucker, 
Craighead, Craighead, & Green, 1986). At age 14, we used the CDI and the Social Anxiety Scale for 
Adolescence (SAS; La Greca, 1998). The SAS has shown to be a psychometrically sound instrument 
to measure social anxiety in adolescence (Inderbitzen-Nolan & Walters, 2000; La Greca & Lopez, 
1998). At age 17, we used the SAS and the anxiety, depression5, and somatic complaints subscales 
of the Symptom Checklist-90-R (SCL-90-R; Arrindell & Ettema, 1975, 1986, 2005). These subscales of 
the SCL-90-R have been used previously to measure internalizing symptoms in adolescence (Ge, 
Conger, & Elder, 2001; Kim, Conger, Elder, & Lorenz, 2003). See Table 1 in the main text for descriptive 
information of these anxiety and depression questionnaires. Anxiety and depression scores were 
positively correlated with each other at each age time point (rs between .41-.78, all ps < .001).
Appendix S6 | Parent-reported internalizing measures
We used age-appropriate versions of the CBCL, namely the CBCL for 4-18-year-olds at age 5, the CBCL 
for 6-18-year-olds at ages 9, 12, and 14, and the CBCL for 4-18-year-olds at age 17. At age 17, 8 of our 
participants received the CBCL for 6-18-year-olds. There is only a small difference between these two 
versions of the CBCL regarding the assessment of internalizing symptomatology (26 items are the same, 
whereas 5 items are different in the CBCL for 4-18-year-olds and 6 items in the CBCL for 6-18-year-olds). 
In general, the CBCL has been shown to have good reliability and validity (Achenbach, 1991).
5 Due to technical problems, one item of the depression subscale of the Symptom Checklist 90-R 
(SCL-90-R) was missing for each participant.
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Appendix S7 | Linear mixed-effect models - Statistical information
Based on participants’ birthdate and their date of participation, participants’ actual age was 
calculated for each measurement wave (see Table 1 in the main text for descriptive information 
regarding participants’ age). In case the date of participation was missing for a participant, the mean 
age of the remaining participants was used as an estimate (n = 35). We determined the polynomial 
(linear and quadratic; using the poly function in stats package; R Core Team, 2016) effects of age. 
To increase likelihood of convergence of the linear mixed-effect models, we multiplied the linear 
and quadratic age effects by 100. The repeated-measures nature of the internalizing data was 
taken into account by including a per-participant random intercept and by modeling the linear 
as well as the quadratic effect of age not only as fixed effects but also as random slopes varying 
across participants (all possible random correlation terms were also included). This represents a 
“maximal” random effects structure as recommended by Barr et al. (2013) to avoid inflated Type-
1 errors. P-values were determined using bootstrapped likelihood ratio tests (requested samples: 
1000), using the function mixed of the package afex (Singmann et al., 2015). Confidence intervals (CI) 
were determined using profile-based CI using the function profile and confint of the package lme4 
(version 1.1.10; Bates et al., 2015). To check whether missingness occurred completely at random in 
our two dependent variables, we used Little’s MCAR test. Little’s MCAR test suggested that our data 
were missing completely at random (self-reported internalizing: χ2(25) = 36.11, p = .070; parent-
reported internalizing: χ2(58) = 65.99, p = .220). Finally, we investigated whether our longitudinal 
data did not violate the assumption of independent residuals, as assumed by the function lmer 
(lme4 package; version 1.1.10; Bates et al., 2015). We visually inspected the residuals of each model 
and conducted Durban Watson tests to formally test whether there was any evidence for an 
autocorrelative structure in our residuals. All Durban Watson test statistics ranged between > 2 and 
< 3, suggesting no evidence for autocorrelation (Field, 2009). 
Appendix S8 | Parent-reported internalizing symptoms
Infant freezing did not predict relative changes in parent-reported internalizing symptoms (linear 
age × infant freezing: χ2(1) = 0.58, p > .250, 95% CI [-0.005, 0.002]; quadratic age × infant freezing: 
χ2(1) = 0.09, p > .250, 95% CI [-0.002, 0.003]). We observed only a main effect of linear age, χ2(1) = 
4.95, p = .026, 95% CI [0.0005, 0.01], indicating an overall increase in internalizing symptoms across 
development. Similar results were observed when gender was included (see Appendix S8 and 
Table S5). To investigate whether social environment moderated the association between infant 
freezing and relative changes in internalizing symptoms, we added parental and peer stress. As 
before, we observed only a main effect of linear age, χ2(1) = 5.12, p = .028, 95% CI [0.001, 0.01], but 
no moderation by parental or peer stress. For results of the full models, see Table S5.
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Table S5 | Test statistics predicting parent-reported internalizing symptoms from linear effect of age, quadratic effect of age, infant freezing to robot, and their interactions (Model 1). Model 2 
adds gender as main and interaction effects. Model 3 adds parental (Parent) and peer stress (Peer) as main and interaction effects. 
M
odel 1: Infant freezing
M
odel 2: G
ender
M
odel 3: Social stress
Eff
ect
χ
2(df = 1)
p
95%
 CI
χ
2(df = 1)
p
95%
 CI
χ
2(df = 1)
p
95%
 CI
Linear age
4.95
.026*
0.0005, 0.01
5.79
.019*
0.001, 0.01
5.12
.028*
0.001, 0.01
Q
uadratic age
1.59
.154
-0.004, 0.001
1.28
.212
-0.004, 0.001
2.87
.092
-0.004, 0.0003
Freezing
1.53
.220
-0.04, 0.01
1.47
.245
-0.04, 0.01
0.54
> .250
-0.03, 0.01
Linear age × Freezing
0.58
> .250
-0.005, 0.002
0.33
> .250
-0.004, 0.002
0.48
> .250
-0.005, 0.002
Q
uadratic age × Freezing
0.09
> .250
-0.002, 0.003
0.19
> .250
-0.002, 0.003
 0.05
> .250
-0.003, 0.002
G
ender
0.28
> .250
-0.02, 0.03
Linear age × G
ender
5.58
.029*
0.001, 0.01
Q
uadratic age × G
ender
0.90
> .250
-0.001, 0.004
Freezing × G
ender
0.07
> .250
-0.03, 0.02
Linear age × Freezing × G
ender
0.09
> .250
-0.004, 0.003
Q
uadratic age × Freezing × G
ender
0.13
> .250
-0.002, 0.003
Parent
1.09
> .250
-0.04, 0.01
Peer
4.53
.035*
-0.05, -0.002
Linear age × Parent
2.78
.117
-0.001, 0.01
Linear age × Peer
4.14
.064
-0.01, -0.0001
Q
uadratic age × Parent
0.45
> .250
-0.002, 0.003
Q
uadratic age × Peer
0.01
> .250
-0.002, 0.002
Freezing × Parent
2.81
.099
-0.05, 0.004
Freezing × Peer
0.05
> .250
-0.02, 0.03
Linear age × Freezing × Parent
0.53
> .250
-0.01, 0.002
Linear age × Freezing × Peer
0.24
> .250
-0.003, 0.004
Q
uadratic age × Freezing × Parent
2.92
.081
-0.0004, 0.01
Q
uadratic age × Freezing × Peer
0.05
> .250
-0.003, 0.002
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Appendix S9 | Gender
Self-reported internalizing symptoms
Because internalizing symptoms can vary by gender (Bongers et al., 2003), we examined whether 
the pattern of effects of infant freezing in the robot context on relative changes in self-reported 
internalizing symptoms was shared across gender. Therefore, we ran our main model predicting 
relative changes in self-reported internalizing symptoms from infant freezing again. However, 
this time we included gender (male/female; sum-to-zero contrast) as a main effect as well as in 
interaction with infant freezing and the linear and quadratic effects of age. The observed interaction 
effects of infant freezing on relative changes in internalizing symptoms remained when gender was 
included as a main and interaction effect (linear age × infant freezing: χ2(1) = 7.10, p = .009, 95% 
CI [-0.04, -0.01]; quadratic age × infant freezing: χ2(1) = 9.19, p = .002, 95% CI [-0.04, -0.01]). This 
suggested that the pattern of observed effects for infant freezing on the relative changes in self-
reported internalizing symptoms was shared across gender. We also observed a linear age × gender 
interaction, χ2(1) = 8.12, p = .002, 95% CI [0.01, 0.04]: female relative to male participants showed 
increased levels of self-reported internalizing symptoms during adolescence (Figure S1; see also 
Table S4 for results of the full model). 
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Figure S1 | Panel A: Female relative to male participants showed an increase in self-reported internalizing symptoms from late 
childhood to late adolescence (age 9-17). Standardized scores were used for self-reported internalizing symptoms. Panel B: Similar 
as for self-reported internalizing symptoms, female participants showed an increase in parent-reported internalizing symptoms 
from mid childhood to late adolescence (age 5-17), while male participants showed an initial increase from age 5 to 9, followed by 
a decrease in parent-reported internalizing symptoms from age 9 to 17. These panels show raw data of self- and parent-reported 
internalizing symptoms. Error bars represent 95% confidence intervals.
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Parent-reported internalizing symptoms
Similar non-significant associations between infant freezing and the relative changes in the 
development of parent-reported internalizing symptoms (linear age × infant freezing: χ2(1) = 0.33, p > 
.250, 95% CI [-0.004, 0.002]; quadratic age × infant freezing: χ2(1) = 0.19, p > .250, 95% CI [-0.002, 0.003]) 
were observed when gender was included as a main effect and in interaction with infant freezing 
and the linear and quadratic effects of age. Similar to the model without gender, we observed a main 
effect of linear age, χ2(1) = 5.79, p = .019, 95% CI [0.001, 0.01], but this time also an interaction effect 
of linear age × gender, χ2(1) = 5.58, p = .029, 95% CI [0.001, 0.01]. Similar as observed for self-reported 
internalizing symptoms, female compared to male participants showed an increase in parent-reported 
internalizing symptoms during development (Figure S1; see Table S5 for results of the full model).
Appendix S10 | Externalizing symptoms
Because internalizing symptoms can occur in comorbidity with externalizing symptoms (i.e., stress-
related and externally directed symptoms, including aggression and other forms of disruptive 
behavior; Levy, Hawes, & Johns, 2014), we investigated whether externalizing symptoms could 
explain the observed association between infant freezing to robot and relative changes in self-
Table S6 | Test statistics predicting self-reported internalizing symptoms from linear (L) effect of age, quadratic (Q) effect 
of age, infant freezing to robot, and their interactions (Model 1). Model 2 adds parental (Parent) and peer stress (Peer) as main 
and interaction effects. Please note that parent-reported externalizing symptoms is added as a time-invariant main effect to both 
models.
Model 1: Infant freezing Model 2: Social stress
Effect χ2 (df = 1) P 95% CI χ2 (df = 1) P 95% CI
L age 0.06 > .250 -0.01, 0.02 0.12 > .250 -0.01, 0.02
Q age 0.22 > .250 -0.02, 0.01 0.40 > .250 -0.02, 0.01
Freezing 0.12 > .250 -0.10, 0.15 0.44 > .250 -0.09, 0.18
Externalizing 4.55 .037* 0.01, 0.26 1.30 > .250 -0.06, 0.22
L age × Freezing 10.36 .003** -0.04, -0.01 10.05 .002** -0.04, -0.01
Q age × Freezing 6.65 .008** -0.03, -0.005 8.65 .007** -0.04, -0.01
Parent 1.23 > .250 -0.22, 0.06
Peer 0.77 > .250 -0.19, 0.07
L age × Parent 1.78 .208 -0.01, 0.03
L age × Peer 0.17 > .250 -0.02, 0.01
Q age × Parent 0.00 > .250 -0.02, 0.02
Q age × Peer 0.00 > .250 -0.01, 0.01
Freezing × Parent 0.00 > .250 -0.15, 0.15
Freezing × Peer 0.36 > .250 -0.17, 0.09
L age × Freezing × Parent 0.10 > .250 -0.02, 0.02
L age × Freezing × Peer 1.02 > .250 -0.02, 0.01
Q age × Freezing × Parent 0.51 > .250 -0.01, 0.02
Q age × Freezing × Peer 5.59 .026* 0.003, 0.03
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reported internalizing symptoms by controlling for parent-reported externalizing symptoms as a 
time-invariant variable. Externalizing symptoms were added only as a main effect. Externalizing 
symptoms were assessed with the externalizing subscale of the parent-report Child Behavior 
Checklist (CBCL; Achenbach, 1991, 1992; Achenbach & Rescorla, 2001; α ranging from .87 to .89). 
Different versions of the CBCL were used (see Appendix S6). The mean scores of externalizing 
symptoms were positively correlated (rs ranging from .40 to .65, ps < .01) at ages 9, 12, 14, and 17. To 
determine a time-invariant score of externalizing symptoms across those ages, we standardized the 
mean scores of externalizing symptoms per age and averaged those across age. Missing data (24% 
missed one; 12% missed two; 3% missed three; 2% missed four measurement points) were handled 
by computing an adjusted score for participants with missing data such that only the non-missing 
observations were used to compute the average score. 
To investigate potential externalizing effects, we added externalizing symptoms as a main effect to 
the described models in the main text. The observed effects of infant freezing on relative changes in 
self-reported internalizing symptoms as well as the observed moderation effect of peer stress were 
independent from the experience of externalizing symptoms (see Table S6 for results of these models). 
Appendix S11 | Self-reported anxiety and depression
Infant freezing
To explore whether the observed effects of infant freezing to the robot context on relative changes 
in self-reported internalizing symptoms were similar for self-reported depressive and anxiety 
symptoms, we repeated the linear mixed-effect model as reported in the main text, but this time 
predicting self-reported depressive and anxiety symptoms separately. Similar as observed for self-
reported internalizing symptoms combined, we observed a linear age × infant freezing, χ2(1) = 4.64, 
p = .031, 95% CI [-0.04, -0.002], and a quadratic age × infant freezing interaction, χ2(1) = 8.33, p = 
.007, 95% CI [-0.04, -0.01], for self-reported depressive symptoms. This suggests that individuals who 
showed longer infant freezing behavior showed relatively higher levels of self-reported depressive 
symptoms at age 12, while after that time levels of depressive symptoms relatively decreased for 
these individuals (Figure S2C). At age 12, 6% of these individuals scored above a clinical cutoff score 
(Kovacs, 1981; Timbremont & Braet, 2002) on the CDI (compared to 4% of individuals with medium 
levels of infant freezing; no individuals with absent infant freezing scored above the clinical cutoff 
score). In contrast, individuals who showed no infant freezing displayed relatively higher levels of 
self-reported depressive symptoms at age 17 (see Figure S2A and Table S7). At age 17, 23% of these 
individuals scored in the very high range on the depression subscale of the SCL-90-R (Arrindell & 
Ettema, 2003; compared to 14% of individuals with medium levels of infant freezing; no individuals 
with longer infant freezing scored above the clinical cut-off score). 
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For self-reported anxiety symptoms, we only observed a linear age × infant freezing, χ2(1) = 6.08, 
p = .017, 95% CI [-0.04, -0.005], but not a quadratic age × infant freezing interaction, χ2(1) = 1.05, p 
> .250, 95% CI [-0.01, 0.02]: infant freezing negatively predicted relative changes in self-reported 
anxiety symptoms (Figure S2D, Table S8). At age 17, 8% of individuals showing no infant freezing 
behavior scored in the very high range on the anxiety subscale of the SCL-90-R (Arrindell & Ettema, 
2003; compared to 8% of individuals with longer levels of infant freezing and 10% of individuals 
with medium levels of infant freezing). Additionally, 20% of individuals with no freezing behavior 
scored above a clinical cut-off score on the SAS (La Greca, 1998; compared to 13% of individuals with 
longer infant freezing and 16% of individuals with medium levels of infant freezing). 
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Figure S2 | These line graphs show model-based changes in self-reported depressive (Panel A, B, C) and anxiety symptoms 
(Panel D, E, F) at ages 9, 12, 14, and 17 as a function of infant freezing and as a function of peer social preference (no freezing/low 
social preference [1 SD below mean]; medium freezing/medium social preference [M = 0]; longer freezing/high social preference 
[1 SD above mean]. We administered only a depression, but not an anxiety questionnaire at age 12. Anxiety and depression self-
reported symptoms were standardized per age. 
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Table S7 | Test statistics predicting self-reported depressive symptoms from linear (L) effect of age, quadratic (Q) effect of 
age, infant freezing to robot, and their interactions (Model 1). Model 2 adds parental (Parent) and peer stress (Peer) as main and 
interaction effects. 
Model 1: Infant freezing Model 2: Social stress
Effect χ2 (df = 1) p 95% CI χ2 (df = 1) p 95% CI
L age 0.00 > .250 -0.02, 0.02 0.20 > .250 -0.01, 0.02
Q age 0.00 > .250 -0.02, 0.02 0.00 > .250 -0.02, 0.02
Freezing 0.02 > .250 -0.13, 0.14 0.99 > .250 -0.07, 0.20
L age × Freezing 4.64 .031* -0.04, -0.002 3.90 .062 -0.04, -0.0001
Q age × Freezing 8.33 .007** -0.04, -0.01 8.36 .003** -0.04, -0.01
Parent 4.73 .033* -0.29, -0.02
Peer 0.75 > .250 -0.19, 0.08
L age × Parent 0.77 > .250 -0.01, 0.03
L age × Peer 0.84 > .250 -0.01, 0.03
Q age × Parent 0.00 > .250 -0.02, 0.02
Q age × Peer 0.20 > .250 -0.01, 0.02
Freezing × Parent 0.14 > .250 -0.18, 0.12
Freezing × Peer 0.00 > .250 -0.14, 0.13
L age × Freezing × Parent 3.18 .091 -0.04, 0.002
L age × Freezing × Peer 0.52 > .250 -0.03, 0.01
Q age × Freezing × Parenta 0.06 > .250 -0.02, 0.02
Q age × Freezing × Peer 5.77 .013* 0.004, 0.04
Notes: a We observed a convergence warning for the quadratic age × infant freezing × quality of parental behavior interaction 
for self-reported depressive symptoms. We carefully checked this warning by comparing the Log Likelihood estimates when using 
different optimizers for the model required to test the significance of the quadratic age × infant freezing × quality of parental 
behavior interaction term. As the different optimizers revealed very similar results, the original convergence warning can be treated 
as a false positive and the statistical results regarding the quadratic age × infant freezing × quality of parental behavior interaction 
can be assumed to be reliable.
The absence of a quadratic age × infant freezing interaction for self-reported anxiety symptoms 
might result from the missing anxiety measurement at age 12. To further explore whether the 
observed effects of infant freezing on self-reported depressive or anxiety symptoms were similar, 
we repeated the current linear mixed-effect model for depressive symptoms, but this time 
excluded depressive symptoms at age 12. Similar as for the model predicting anxiety symptoms 
(see Table S8), we were not able to include the random effect of the linear and quadratic slope of 
age simultaneously. Nevertheless, we observed similar results predicting self-reported depressive 
symptoms once with the linear slope of age (linear age × infant freezing: χ2(1) = 2.82, p = .126, 
95% CI [-0.03, 0.003]; quadratic age × infant freezing: χ2(1) = 1.21, p > .250 , 95% CI [-0.02, 0.01]) 
and once with the quadratic slope of age as random effect (linear age × infant freezing: χ2(1) = 
3.15, p = .084, 95% CI [-0.03, 0.002]; quadratic age × infant freezing: χ2(1) = 1.28, p > .250, 95% CI 
[-0.03, 0.01]). These results suggest that the previously observed quadratic age × infant freezing 
interaction for self-reported depressive symptoms was driven by depressive symptoms at age 
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Table S8 | Test statistics predicting self-reported anxiety symptoms from linear (L) effect of age, quadratic (Q) effect of age, 
infant freezing to robot, and their interactions (Model 1). Model 2 adds parental (Parent) and peer stress (Peer) as main and 
interaction effects. 
Model 1: Infant freezing Model 2: Social stress
Effect χ2 (df = 1) p 95% CI χ2 (df = 1) p 95% CI
L age 0.23 > .250 -0.01, 0.02 0.75 > .250 -0.01, 0.02
Q age 0.01 > .250 -0.01, 0.01 0.69 > .250 -0.02, 0.01
Freezing 1.49 .231 -0.24, 0.06 0.47 > .250 -0.20, 0.09
L age × Freezing 6.08 .017* -0.04, -0.005 8.11 .004** -0.04, -0.01
Q age × Freezing 1.05 > .250 -0.01, 0.02 0.02 > .250 -0.02, 0.02
Parent 0.24 > .250 -0.19, 0.11
Peer 1.02 > .250 -0.22, 0.07
L age × Parent 5.66 .017* 0.004, 0.04
L age × Peer 1.19 > .250 -0.03, 0.01
Q age × Parent 0.86 > .250 -0.02, 0.01
Q age × Peer 0.84 > .250 -0.01, 0.02
Freezing × Parent 0.67 > .250 -0.09, 0.22
Freezing × Peer 0.13 > .250 -0.17, 0.12
L age × Freezing × Parent 0.43 > .250 -0.02, 0.01
L age × Freezing × Peer 1.01 > .250 -0.03, 0.01
Q age × Freezing × Parent 2.21 .168 -0.005, 0.03
Q age × Freezing × Peer 6.62 .009** 0.004, 0.03
Notes: As we had no self-reported anxiety questionnaire at age 12, we were not able to include the random effect of the linear 
and quadratic slope of age at the same time into the model. Similar results were found when we conducted the model once with 
the linear slope of age and once with the quadratic slope of age as random effects. Here, the results of the linear slope of age as 
random effect are reported. 
12. Similar as for self-reported anxiety symptoms, we observed a trend for a linear age × infant 
freezing interaction, suggesting that infant freezing negatively predicted changes in self-reported 
depressive symptoms. 
Infant freezing and social environment
To explore whether the observed three-way-interaction between peer social preference × quadratic 
age × infant freezing on relative changes in self-reported internalizing symptoms was similar for 
self-reported depressive and anxiety symptoms, we repeated the linear mixed-effect model as 
described in the main text, but this time predicting self-reported depressive and anxiety symptoms 
separately. Similar as observed for self-reported internalizing symptoms, we observed a linear age 
× infant freezing, χ2(1) = 3.90, p = .062, 95% CI [-0.04, -0.0001], a quadratic age × infant freezing, 
χ2(1) = 8.36, p = .003, 95% CI [-0.04, -0.01], as well as a quadratic age × infant freezing × peer social 
preference interaction, χ2(1) = 5.77, p = .013, 95% CI [0.004, 0.04], for self-reported depressive 
symptoms (see Figure S2A-C and Table S7). For self-reported anxiety symptoms, we also observed a 
linear age × infant freezing, χ2(1) = 8.11, p = .004, 95% CI [-0.04, -0.01], and a quadratic age × infant 
Infant freezing and internalizing symptoms| 135
 6
Appendix S12 | Serotonin transporter gene polymorphism
As reported in the main text, we found that S’-homozygotes showed more deviations in both absent 
and longer infant freezing behavior, when compared to L’-carriers (see Figure S3).
We also investigated whether the 5-HTTLPR/rs25531 polymorphism moderates the association 
between deviant infant freezing (i.e., reflecting either absent or excessively long freezing; see 
main text for calculation of this deviant freezing score) and an individual’s peak in self-reported 
internalizing symptoms. An individual’s peak in internalizing symptoms was visually determined 
based on plotting the interactions between linear and quadratic age × infant freezing of the 
mixed-effect model results reported in the main text (model-based plotting as well as plotting of 
raw data yielded the same results): for individuals showing longer infant freezing (>1 SD above the 
freezing mean) we used the score of internalizing symptoms at age 12 as their peak in internalizing 
symptoms, for individuals showing no infant freezing (<1 SD below the freezing mean) we used their 
score of internalizing symptoms at age 17, whereas for individuals showing medium infant freezing 
(between >-1 SD and <1 SD of the freezing mean) we determined the average of internalizing 
symptoms between ages 12, 14, and 17 as they showed no clearly defined peak in internalizing 
symptoms. Using the lm function from the stats package (R Core Team, 2016), we ran a regression 
freezing × peer social preference interaction, χ2(1) = 6.62, p = .009, 95% CI [0.004, 0.03], but not a 
quadratic age × infant freezing interaction, χ2(1) = 0.02, p > .250, 95% CI [-0.02, 0.02] (Figure S2D-F, 
Table S8). Both depressive and anxiety symptoms contributed to the observed moderation effect 
of peer social preference on the association between infant freezing and relative changes in the 
development of internalizing symptoms. 
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Figure S3 | The bar graph illustrates that S’-homozygotes (S’/S’ carriers) showed on average more deviations (in the sense 
of absent or longer infant freezing behavior) compared to L’-carriers (L’/L’ and L’/S’-carriers combined) of the 5-HTTLPR/rs25531 
polymorphism. Error bars represent 95% confidence interval. 
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model6 predicting peak in self-reported internalizing symptoms from deviant infant freezing, 
5-HTTLPR/rs25531 polymorphism (i.e., S’-homozygotes vs L’-carriers [L’/L’ and L’/S’ combined]), and 
their interaction (R2 = .09, F(3, 89) = 3.11, p = .030; deviant freezing: t(89) = 2.97, p = .004; 5-HTTLPR/
rs25531: t(89) = 0.76, p > .250; deviant freezing × 5-HTTLPR/rs25531: t(89) = -1.65, p = .103). These 
results suggest that 5-HTTLPR/rs25531 did not moderate the association between deviant infant 
freezing and peak in internalizing symptoms, but that the effect of infant freezing on peak in 
internalizing symptoms remained when taking 5-HTTLPR/rs25531 variations into account. 
Appendix S13 | Association between infant freezing and peer stress
We observed no significant association between infant freezing to robot and peer stress for 
participants included in current self-reported internalizing analyses (r = -.01, p > .250, 95% CI [-.14, 
.10]; we used the rank based correlation coefficient Kendall’s tau because of the constrained [i.e., 
between 0 and 1] distribution of infant freezing). 
6 To meet statistical assumptions, two influential cases (standardized outliers >3 SD combined with 
Cook’s distance > 4/N) were removed. 
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The overarching aims of the research for this dissertation were to advance our understanding of freezing-
like behavior in humans and to study the role of individual differences in freezing in the development 
of stress-related symptoms. By using a prospective longitudinal study, we set out to objectively 
quantify human freezing behavior at different ages during an individual’s development and associated 
it with various stress measures. We tested individuals during mid to late adolescence in particular—
between ages 14 and 17—when adolescents go through many hormonal changes, encounter societal 
challenges, and many stress-related symptoms start to develop (Kessler et al., 2005; McLaughlin & 
King, 2015). On a general note, it appeared possible to detect freezing-like behavior in terms of threat-
induced reductions in motion and/or heart rate in adolescence, using combined posturographic and 
electrocardiographic measures. More specifically, the results showed that early life stress (i.e., in the 
form of insecure infant-parent attachment), state anxiety, hypothalamic pituitary adrenal (HPA)-axis 
functioning, and internalizing-risk alleles of the functional variant in the gene encoding the serotonin 
transporter SLC6A4 (called 5-HTTLPR) were associated with individual differences in human freezing. We 
also observed that alterations in freezing behavior were associated with increased levels of internalizing 
symptoms. Specifically, we found that not the immediate stress-induced freezing response, but rather 
the delayed recovery (1 hour after stress induction) was associated with increased levels of internalizing 
symptoms, suggesting that immediate freezing in response to stress may be adaptive as long as it 
does not last too long. Similarly, in this longitudinal study, we demonstrated that not only prolonged, 
but also absent infant freezing could predict a relative increase in internalizing symptoms at different 
ages during adolescence. Additionally, we explored the stability of individual differences in human 
freezing behavior in response to social threat during adolescence (age 14 to 17), and found heart rate 
measures to be generally stable—irrespective of emotion—while reductions in body sway in response 
to angry vs neutral faces showed at best moderate stability, and only in women. Collectively, these 
studies contribute to knowledge of the emerging field of human defensive stress responses and help 
to elucidate the role of human freezing in the development of stress-related complaints in adolescents. 
The innovative nature of this dissertation lies in its use of a prospective longitudinal design to increase 
our knowledge and understanding of human freezing and its role as a marker of risk for vs resilience to 
the development of human symptomatology in a developmental population.
In this final chapter, the Discussion, I first summarize the findings of Chapters 2 to 6 more extensively. 
Then, I integrate these findings in a thematic fashion, and relate them to previous literature. Finally, 
I discuss conceptual, methodological and developmental considerations that are raised by the 
findings of this dissertation, together with directions for future research.
Summary per chapter
Chapter 2 presents an overview of the literature on human freezing and fight-or-flight (FFF) 
tendencies and their associations with anxiety and aggression-related symptoms. It also discusses 
the role that the steroid hormones cortisol and testosterone may play in this association. This 
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literature review suggests that FFF responses together with (neuro)endocrine stress responses are 
promising markers for the development of various stress-related symptoms: increased freezing and 
flight tendencies, as well as increased cortisol and reduced testosterone levels are associated with 
anxiety-related symptoms. In contrast, increased fight tendencies, as well as increased testosterone 
and reduced cortisol levels, characterize aggression-related symptoms. Although the research field 
of human FFF tendencies is still in its infancy, emerging evidence suggests that alterations in FFF 
responses may reflect a transdiagnostic intermediate phenotype contributing to the etiology of 
various affective and social symptoms. There is a particular need for investigations into the relation 
between freezing on the one hand, and stress-related hormones and symptoms on the other hand. 
This association has been established in animals, but needs to be investigated in humans. 
Chapter 3 reported results from a prospective longitudinal study on the association between early 
infant-parent attachment security and adolescent freezing-like behavior in response to social threat. 
In animals, early life stress—particularly maternal deprivation—has been associated with long-
lasting changes in defensive freezing behavior and maladaptive stress coping (Imanaka et al., 2006; 
Liu et al., 2017; Lukkes et al., 2009; Menard et al., 2004; Rincón-Cortés & Sullivan, 2016; Sanders & 
Knoepfler, 2008; Yan et al., 2017). However, in humans—despite the relevance of freezing for stress 
coping and human psychopathology—this association remains unexplored. Therefore, freezing-like 
behavior was assessed in 14-year-old adolescents, using posturography and electrocardiography 
during emotional face-viewing (Roelofs, Hagenaars, et al., 2010). Attachment security was assessed 
during infancy in these participants, using the well-established Strange Situation Procedure 
(Ainsworth et al., 1978). The results of this prospective longitudinal study suggest that adolescents 
who were classified as insecurely attached during infancy, compared to their securely attached 
counterparts, showed stronger freezing-like behavior (i.e., reductions in body sway in response to 
angry vs neutral faces). In the securely attached group, freezing-like behavior was only observed in 
individuals with a high level of state anxiety. Furthermore, the association between insecure infant-
parent attachment and increased adolescent freezing-like behavior remained when controlling for 
later quality of parental behavior and life events. These results propose a unique role for early infant-
parent attachment security in influencing the human defensive stress response system. They also 
provide first empirical suggestions that infant-parent attachment is not only associated with freezing 
in animals but also with freezing in humans. In light of the consideration of freezing as a trait variable 
in animals (Qi et al., 2010) as well as in light of the previously observed association of freezing with 
human symptomatology (Bovin et al., 2008; Roelofs, Hagenaars, et al., 2010), future research should 
aim to replicate current results in an independent sample and should start exploring the role of 
freezing as an intermediate phenotype in the etiology of internalizing symptoms. 
In Chapter 4 we investigated the impact of acute stress on the expression of human freezing 
behavior, and its subsequent association with internalizing symptoms. Adaptive freezing reactivity 
to acute stress, characterized by an immediate increase in stress-induced freezing followed by a 
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timely termination after threat offset or need to act, is important for flexible stress coping. Also, the 
expression of freezing behavior is shaped by activity of the HPA-axis (de Kloet et al., 1999; Oitzl et al., 
2010; Sherman & Kalin, 1988), with blunted HPA-axis activity being associated with blunted freezing 
reactivity and internalizing symptoms in animals (Raper, Wilson, Sanchez, Payne, & Bachevalier, 2017). 
Despite the potential importance of alterations in freezing behavior for internalizing symptoms in 
humans, it remains unknown whether these mechanisms of immediate vs delayed freezing responses 
apply to humans and human psychopathology. Therefore, freezing behavior was assessed using 
both electrocardiography and posturography before, immediately after, and one hour after an acute 
stress induction in 92 human adolescents. Consistent with animal models, adolescents displayed 
stress-induced freezing behavior, objectively quantified as a reduction in heart rate and body sway 
after, compared to before stress. Additionally, lower concentrations of basal cortisol were related 
to reduced freezing reactivity, in the form of reduced immediate freezing and less recovery. Path 
analyses further suggested that individuals with lower basal cortisol showed less freezing recovery, 
and elevated levels of internalizing symptoms in turn. These results are in line with the current notion 
of the role of HPA-axis activity in shaping human freezing behavior and suggest that reduced freezing 
recovery may be a promising marker for the development of internalizing symptoms.
Freezing behavior has been suggested to be relatively stable and heritable in animals (Rogers et 
al., 2008). Freezing-like behavior in response to social threat was assessed twice in participants of 
the Nijmegen Longitudinal Study, as described in Chapter 3 and 4. Therefore, we investigated 
the stability of human freezing-like behavior in Chapter 5. Specifically, we investigated 
whether individual differences in freezing-like behavior in response to social threat at age 14—
operationalized as a reduction in heart rate and body sway in response to angry vs neutral faces—
were positively associated with the same assessment and in the same individuals three years later 
at age 17. Freezing-like behavior was assessed using a combination of electrocardiographic and 
posturographic methods in response to emotional face-viewing of angry, happy, and neutral faces. 
The results suggested stability in individual differences in freezing-like behavior between ages 14 
and 17, expressed in heart rate, as well as for combined body sway and heart rate measures. These 
effects were, however, not specific for the angry vs neutral emotion contrast; they were also observed 
in other emotion contrasts. Exploratory analyses suggested that stability in body sway was specific 
for angry vs neutral faces, and was only observed in women. Finally, we observed no influence of 
early and current stress on individual differences in freezing-like behavior, nor on its stability over 
time. Collectively, these findings suggest moderate to strong stability in freezing-like behavior in 
response to social threat over a relatively long period from mid to late adolescence. This stability did 
not show in male body sway. Although this relative stability was not specific for threat-induction and 
may reflect a general stability of heart rate, the fact that we observed this stability pattern over a 
relatively long time range of three years is, nevertheless, encouraging for studies intending to assess 
freezing-like behavior as a marker in adolescent development. Future studies should also investigate 
whether similar stability patterns can be found when testing human individuals in a more stable 
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life-stage, less characterized by large developmental changes occurring between ages 14 and 17. In 
addition, future investigations should test whether stability increases when freezing is elicited in the 
context of stronger threat cues, such as threat of shock and aversive pictures from the International 
Affective Picture System (IAPS), known to elicit stronger freezing responses (Gladwin et al., 2016; 
Hagenaars et al., 2012). 
The aim of Chapter 6 was to investigate prospectively whether early deviations in freezing during 
infancy predict changes in internalizing symptoms from childhood until late adolescence. Internalizing 
symptoms have a large impact both on an individual’s emotional and social well-being and on society 
at large (Hughes & Gullone, 2008). It is therefore very important to find objective markers in early life 
that predict the development of internalizing symptoms in individuals at risk. One such promising 
marker is freezing behavior. Whereas immediate freezing responses are important for threat coping, 
longer freezing reactions are associated with internalizing symptoms (Chapter 4; Kozlowska et al., 
2015; Niermann, Figner, Tyborowska, et al., 2017; Roelofs, Hagenaars, et al., 2010). However, to date, it 
remains unknown whether early alterations in individual freezing response predict the development 
of internalizing symptoms. As infants cannot yet stand still on a stabilometric force platform as used 
in previous chapters to assess freezing behavior, we relied on a different assessment method of 
freezing. We developed an observation scheme to determine individual differences in infant freezing 
behavior during a standard robot-confrontation paradigm. We related these freezing observations 
of 15-months-old infants prospectively to internalizing symptoms measured at various ages during 
development (ages 9, 12, 14, and 17). Interestingly, alterations in infant freezing—in the form of both 
longer and absent freezing—were associated with relative elevations in internalizing symptoms. 
Whereas absent infant freezing predicted a continuous increase from relatively low to relatively high 
levels of internalizing symptoms up until late adolescence, longer infant freezing predicted increased 
internalizing symptoms during early adolescence only. This latter pattern was further moderated by 
peer stress: only individuals showing both longer infant freezing and high peer stress demonstrated 
a relative increase in internalizing symptoms, and did so only during early adolescence. The current 
observation that not only longer but also absent freezing predicted internalizing symptoms is in line 
with current views on the adaptive nature of immediate freezing in response to threat. Also, in line 
with this, altered (i.e., absent and longer) freezing was particularly observed in S’ homozygotes of 
the serotonin transporter gene polymorphism (5-HTTLPR/rs25531)—considered as most vulnerable. 
Collectively, these results suggest that deviations in early freezing responses signal individuals’ 
vulnerability to develop internalizing symptoms.
Integration of findings
Objective quantification of human freezing
Traditionally, human freezing-like responses were measured using subjective, retrospective self-
reports (Hagenaars et al., 2014). Just recently new methods have been developed to objectively 
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quantify individual differences in human freezing. By means of a stabilometric force platform 
measuring variations in body sway, it has been demonstrated that visual stimuli depicting 
threatening situations elicit human freezing reactions that mimic those of animals: immobility and 
heart rate deceleration (Azevedo et al., 2005; Hagenaars et al., 2012; Lopes et al., 2009; Ly et al., 2017; 
Roelofs, Hagenaars, et al., 2010; Stins & Beek, 2007). So far, these objective assessment methods of 
human freezing have only been applied in adults. The studies reported in this dissertation built on 
these recent innovations by applying the objective freezing assessment methods in a longitudinal 
investigation into the role of objectively measured freezing tendencies in the development of stress-
related symptomatology from infancy into adolescence for the first time. We showed that individual 
differences in human freezing-like behavior can be objectively quantified in developmental 
populations with lower body weight equally well as has been established previously in adults. In the 
current dissertation, we not only objectively quantified freezing responses at ages 14 and 17, but we 
also developed an observation scheme to systematically and objectively assess freezing responses 
during infancy as an early predictor for the development of internalizing symptoms. 
In comparison to subjective, retrospective self-reports of human freezing, the objective quantification 
of human freezing provides valuable insights into adaptive and maladaptive stress responses that 
capture unique variances in explaining social and affective symptoms. By objectively quantifying 
human freezing responses, freezing can be conceptualized as an intermediate phenotype, which 
may aid in bridging the gap between genotypes and observable phenotypes (Kalin & Shelton, 2003). 
Furthermore, the objective quantification allows capturing the behavioral and psychophysiological 
indices of freezing responses continuously, enabling the investigation of temporal dynamics 
(ranging from milliseconds to hours) in freezing reactions (Gladwin et al., 2016). Most importantly 
however, the objective quantification of human freezing allows us to benefit more directly from 
animal studies, because freezing is operationalized in similar ways in humans and animals. Freezing 
is the major stress and fear outcome measure in animal research (Hagenaars et al., 2014). Therefore, 
objective quantification methods are crucial for translational animal-human research, to allow cross-
species comparisons (Roelofs, 2017). Several observations indicate the promise of this direction. As 
outlined in the introduction of this dissertation (Chapter 1), there are striking similarities in the 
phenomenology and neural mechanisms involved in freezing responses of animals and humans 
(Hagenaars et al., 2014; Roelofs, 2017), validating the use of cross-species models of defensive 
stress responses. This dissertation extends animal findings of freezing responses. Specifically, first 
empirical suggestions are provided that aim at translating animal research to humans. Particularly, 
previously established associations related to animal freezing responses were evaluated in humans 
(Hagenaars et al., 2014), namely the role of early life stress in the expression of individual freezing 
behavior (Chapter 3), the impact of acute stress on eliciting human freezing (Chapter 4), the 
stability of human freezing (Chapter 5), as well as the predictive value of infant freezing for the 
development of internalizing symptoms (Chapter 6). 
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Sources of individual variations contributing to human freezing
We experience stress on a regular basis. Stress can be defined as the subjective experience of 
conditions or events that threaten, or are thought to threaten, an individual’s psychological 
equilibrium. During stress, the brain activates various neuronal circuits, including the autonomic 
nervous system and the HPA-axis, to help the individual cope with the demands of the situation. 
Freezing is one of the main stress responses for coping with threatening or stressful situations, 
widely observed in various species. 
In this dissertation, we investigated various stress-related factors associated with human freezing 
responses, which are known from animal work to influence freezing (Hagenaars et al., 2014). We 
examined stress-related factors that are widely recognized to trigger an individual’s stress response 
(Dickerson & Kemeny, 2004; Rincon-Cortes & Sullivan, 2014), namely insecure infant-parent 
attachment, experience of negative life events, experience of stress with parents and/or peers, 
as well as stress reactions elicited by a standardized stress induction procedure. Furthermore, we 
studied stress-related factors that can directly or indirectly influence individuals’ ability to cope with 
stress (Bleys et al., 2018; Rincon-Cortes & Sullivan, 2014), such as the experience of chronic stress, for 
instance elicited by insecure infant-parent attachment, but also genetic variations in the internalizing-
risk alleles of the functional variant of the SLC6A4 (called 5-HTTLPR). Finally, consequences of the 
experience of stress, such as the release of cortisol, were investigated (Dickerson & Kemeny, 2004). 
Consistent with animal work, our findings generally suggested that these stress-related factors were 
associated with the expression of individual differences in human freezing responses. 
In this dissertation, we studied factors that can contribute to the expression of differential human 
freezing behavior largely in isolation. Although this is important for increasing our understanding 
of individual features contributing to individual differences in freezing responses and for translating 
animal findings to humans, future research should be aimed at exploring the interplay between 
several hormones, neurotransmitters, peptides, as well as the experience of stress in shaping human 
freezing behavior. In Chapter 2, we proposed a gene-environment interaction model that can be 
applied to investigate freezing behavior as an intermediate phenotype in the development of social 
and affective psychopathologies. 
Freezing – an adaptive response?
Frequently, negative connotations are associated with freezing behavior, in the sense that being 
motionless makes an individual incapable of reacting to threats appropriately. However, recent studies 
suggest that immediate freezing upon threat can be considered an adaptive response, as it facilitates 
risk assessment, perception, and action preparation to optimize subsequent fight-or-flight behavior 
(Blanchard et al., 2011; Gladwin et al., 2016; Lojowska et al., 2015). The current notion of the adaptive 
nature of human freezing behavior to acute threat was confirmed by observations in Chapter 4 and 
6. Specifically, Chapter 4 demonstrated that prolonged freezing or reduced recovery from an initial 
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freezing response was associated with elevated levels of internalizing symptoms. This association was 
not observed for immediate stress-induced freezing. This may suggest that when freezing persists— 
when there is no timely termination of freezing after threat offset or need to act—parasympathetic 
dominance blocks flexible responding to changes in an individual’s environment. Therefore, prolonged 
freezing may serve as a proxy for maladaptive stress coping, which is associated with elevated levels 
of internalizing symptoms (Hagenaars et al., 2014; Kozlowska et al., 2015). Chapter 6 extended these 
findings by demonstrating that individuals with either longer or absent infant freezing showed 
relative increases in internalizing symptoms at different ages during adolescence. Moreover, this 
study demonstrated that individuals who exhibited medium levels of freezing at infancy displayed 
no changes in their internalizing symptoms across adolescent development. In line with the notion of 
freezing as an adaptive response, both deviations in freezing behavior—in the form of longer as well as 
absent freezing—may be associated with internalizing symptoms. This is consistent with recent studies 
suggesting that freezing responses may be impaired in clinical populations (Adenauer et al., 2010; 
Fragkaki et al., 2017; Lopes et al., 2009; Stoffels et al., 2017). More research is needed to systematically 
investigate the role of freezing in the defensive cascade of threat exposure as well as to clarify and 
specify the temporal dynamics of adaptive and maladaptive freezing responses. 
Clinical implications 
The results of Chapter 4 and 6 suggest that prolonged freezing, but also the absence of freezing may 
mark an individual’s vulnerability to develop internalizing symptoms. Internalizing symptoms impose 
a large burden on an individual’s well-being and on society at large (Hughes & Gullone, 2008). They are 
associated with a range of negative outcomes such as reduced life satisfaction, poor self-esteem, drug 
use, suicide attempts, educational underachievement, and early pregnancy (Gotlib, Lewinsohn, & Seeley, 
1998; Rao et al., 1995; Woodward & Fergusson, 2001). Although the observed internalizing symptoms 
in the current dissertation were not in the clinical cut-off range, even moderately elevated levels of 
internalizing symptoms during adolescence have been associated with risk for psychopathology later 
in life (Reinherz et al., 2003). Thus, alterations in freezing behavior may serve as promising markers 
for the development of internalizing symptoms, and should be thoroughly investigated in future 
stress vulnerability and resilience studies. Future research should also explore the possibility of 
changing individual freezing responses to increase their stress coping abilities and thereby decrease 
their vulnerability to stress-related complaints. Some groups, such as police officers or fire-fighters, 
are not more vulnerable, but they are more exposed to threat. Exposing these individuals to practice 
situations of threat, evaluating their response tendencies (including freezing) during these situations, 
and training alternative response strategies may be ways to change people’s innate response tendency 
to optimize adequate threat coping. In other fields, there is some evidence that automatic response 
tendencies can be changed via training. For instance, studies of approach-avoidance biases in socially 
anxious individuals and in alcohol-dependent patients suggest that individuals’ response tendencies 
can be trained and changed (Rinck et al., 2013; Wiers, Eberl, Rinck, Becker, & Lindenmeyer, 2011). This is 
promising for future investigations aiming to change an individual’s tendency to freeze. 
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Considerations and future perspectives 
There are several issues that need to be considered in future research. In this section, I discuss 
conceptual, methodological, and developmental considerations that are raised by the findings 
presented in this dissertation, together with suggestions for future research. 
Conceptual and methodological considerations 
We used a passive viewing paradigm of emotional facial expressions in Chapters 3, 4, and 5 to 
objectively quantify reductions in heart rate and body sway as indicators of individual freezing-like 
behavior, which was associated with meaningful individual differences (i.e., in infant-parent attachment 
security and state anxiety). Although the findings of emotional face-viewing of socially threatening 
faces in eliciting freezing-like behavior are promising, the findings of this dissertation suggest that 
they may not always be that robust: approximately half of our participants showed a heart rate and/
or body sway reduction in response to socially threatening (vs neutral) faces at each assessment wave, 
while the remaining participants showed an increase rather than a decrease in heart rate and/or body 
sway (Chapter 5). Related to this, we observed only at age 14 (Chapter 3), but not at age 17 (Chapter 
4), a main effect of facial emotional expressions on freezing-like behavior, suggesting that the age 
17 assessment of freezing-like behavior in response to social threat was somewhat noisier. This may 
be related to the fact that at age 17, freezing was assessed in anticipation of a real social-evaluative 
and physical stress test (i.e., the Maastricht Acute Stress Test), which might have reduced the relative 
salience of a picture presenting an angry face, thus limiting the comparison between the age 14 and 
age 17 freezing assessments in terms of test context. The absence of a freezing-like response on group 
level at age 17 could also signal that freezing shows a developmental profile with overall reduced 
freezing at age 17. However, previous work in young adults (mean age: 21) showed clear freezing-like 
behavior in response to social threat (Roelofs, Hagenaars, et al., 2010), making such an explanation 
less likely. Because the robustness of these socially threatening faces seems limited, we have started 
to use threat of shock to induce an individual’s freezing response in our research group. Similar to the 
use of highly aversive and arousing IAPS pictures (Hagenaars et al., 2012; Hermans et al., 2013), the use 
of threat of shock elicits individual freezing responses very robustly (Gladwin et al., 2016; Hashemi et 
al., 2016; Lojowska et al., 2015). For future research, we therefore recommend using IAPS pictures or 
threat of shock to study individual differences in freezing-like behavior. Of course, such work should 
only be conducted in a way that is ethically acceptable.
Passive viewing paradigms—as used here to assess adolescent freezing responses—are currently 
most often used in the research field of human freezing and have the advantage that their design 
is rather simple (Azevedo et al., 2005; Facchinetti et al., 2006; Hagenaars et al., 2012; Ly et al., 2017; 
Roelofs, Hagenaars, et al., 2010; Stins & Beek, 2007). However, freezing behavior elicited in these 
passive viewing paradigms is studied in isolation, explicitly without taking subsequent behavior into 
account. In reality, the freezing behavior is always followed by some sort of behavior (e.g., resuming 
Summary and general discussion| 149
 7
behavior before freezing, fight-or-flight behavior, or tonic immobility; Hagenaars et al., 2014). 
Therefore, the ecological validity of passive viewing paradigms can be questioned. These paradigms 
are important for initial proof-of-principle investigations to determine whether freezing behavior can 
be elicited in humans and whether important variables (such as HPA-axis activity and state anxiety) 
are associated with it. However, moving towards the use of active paradigms will advance our insights 
into the human freezing response (Gladwin et al., 2016; Löw, Weymar, & Hamm, 2015). Recently, an 
active shooting paradigm has been developed to investigate the freezing response in relation to a 
subsequent fight (i.e., shooting) response. This active paradigm provided first empirical evidence 
that freezing was more pronounced when participants prepared for active fight responses compared 
to when they could not act, suggesting that freezing plays an important role in action preparation 
(Gladwin et al., 2016). We have recently applied this shooting task, which uses threat of shock to elicit 
freezing responses, in the Nijmegen Longitudinal Study to increase our understanding of human 
freezing—assessed in an active paradigm and elicited by stronger threat cues—and its role in the 
development of stress-related symptoms. These data still need to be analyzed. 
Across the studies reported in this dissertation, the manifestation of freezing-like behavior and its 
association with stress-related factors were not always consistent; sometimes it was more pronounced 
in heart rate (Chapter 4 and 5), other times more in body sway (Chapter 3). These chapters focused 
on relations with different types of stress or symptom measures, which may suggest that different 
aspects of the freezing response are sensitive to different types of stressors. Also, participants varied 
in age. Therefore, developmental changes may also have played a role in the observed differences. It 
should also be noted that different neural structures are involved in generating the behavioral and 
psychophysiological characteristics of freezing (Kozlowska et al., 2015; Roelofs, 2017) which may 
have contributed to these differences. Possibly, these neural structures have unique properties, are 
differentially activated by different types of stressors, and may develop within different time frames. 
Finally, the methods to assess heart rate (electrocardiography) and body sway (posturography) are 
characterized by different measurement sensitivities and measurement errors, which may also have 
contributed to the observed differences. Future investigations into the methodological boundaries (i.e., 
measurement sensitivity, measurement error, and reliability) associated with these freezing assessment 
methods are needed. Nevertheless, despite the differences that were observed in associations of body 
sway and heart rate, a coherent pattern between reductions in heart rate and body sway in response 
to socially threatening vs neutral faces, and to a standardized stress induction procedure could be 
identified. Thus, in this dissertation both indicators of freezing behavior showed a similar activation 
pattern, suggesting that we were able to assess individual differences in human freezing-like behavior, 
expressed in both immobility and bradycardia.
Developmental considerations 
This dissertation used age-appropriate measures to induce and assess freezing-like behavior during 
development. Consequently, different induction and assessment procedures were used to assess 
Chapter 7  150 | 
infant vs adolescent freezing behavior. The possibilities of direct comparisons are therefore limited. 
For the assessment of infant freezing, previously collected videotaped data were used, stemming 
from situations in which the participants of the Nijmegen Longitudinal Study were confronted with 
a moving robot at age 1 (Chapter 6). The assessment of freezing behavior in this context relied 
on observations. In contrast, adolescent freezing behavior was assessed using posturography and 
electrocardiography in response to socially threatening faces (Chapters 3, 4, and 5) and in response 
to a physical and social stress induction procedure (Chapter 4). Adolescent freezing behavior was 
initially assessed only regarding an emotional face-viewing paradigm of angry, happy, and neutral 
faces. This operationalization was chosen due to ethical considerations: exposing 14-year-olds to 
highly aversive and arousing IAPS pictures or to a shock-induction procedure (Gladwin et al., 2016; 
Hagenaars et al., 2012; Lojowska et al., 2015; Ly et al., 2017) was not appropriate, and could have 
compromised participants’ willingness to participate in future waves of this longitudinal study. 
To advance insights into the role of freezing responses in the development of stress-related symptoms 
during adolescence, future developmental longitudinal studies specifically designed to measure 
human freezing behavior throughout development are needed. Future research would especially 
benefit from the longitudinal assessment of freezing behavior in high-risk samples, such as police 
officers and fire-fighters, but also in children of parents with a mental health disorders. Children of 
parents with a mental disorder are particularly at risk to develop mental health problems (Mattejat 
& Remschmidt, 2008). It would be very valuable to assess freezing behavior at several time points in 
these high-risk children to determine whether and how freezing can be considered as a vulnerability 
vs resilience factor for the development of stress-related symptoms. These studies face the challenge 
of finding age-appropriate paradigms that are ethically justifiable and at the same time, stressful 
or threatening enough to elicit (differences in) a freezing response. This remains one of the largest 
challenges in developmental research. Behavioral inhibition, for instance, is typically only objectively 
assessed in toddlerhood (approximately 1-3 years). Validated behavioral paradigms of behavioral 
inhibition for older children or adolescents are largely lacking: social reticence is typically assessed as 
a proxy for behavioral inhibition at later ages (Degnan et al., 2014). Recent advancements in virtual 
reality may provide promising directions, allowing the creation of age-appropriate, but also novel, 
unpredictable, and (slightly) stressful situations that can be used to elicit freezing responses and 
assess differences herein. Cortisol and other physiological as well as subjective measures could be 
used to verify whether the situation was indeed experienced as stressful (Dickerson & Kemeny, 2004). 
Additionally, the assessment of heart rate, as an indicator of freezing behavior, offers a possibility to 
operationalize freezing behavior in the same way throughout development. The same assessment 
of bodily immobility across development is difficult, however, as small children cannot yet stand 
on a stabilometric force platform, whereas for older participants, slight variations in bodily mobility 
may not be quantifiable anymore via observations. The Kinect motion sensor imaging technique, an 
automated method to objectively track participants’ body posture, may be a promising alternative 
that should be explored in future research (Hepach, Vaish, & Tomasello, 2015, 2017). 
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Conclusions
This dissertation aimed to objectively quantify freezing responses in a developmental population 
for the first time. Using a prospective longitudinal study, we tested the role of individual differences 
in freezing behavior in the development of stress-related symptoms during adolescence. Although 
several methodological and conceptual issues need to be resolved in future investigations, overall, 
the findings of this dissertation suggest that alterations in freezing responses—both in the form of 
absent and of elevated levels of freezing—mark an individual’s vulnerability to develop internalizing 
symptoms. Individual differences in freezing behavior are clearly a promising marker, which should 
be considered in future stress vulnerability and resilience studies. 
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Stel je voor: je bent 14 jaar en je bent op school. Samen met je vrienden, verstop jij je achter de 
sporthal om een sigaretje te roken. Je staat net op het punt een sigaret aan te steken als je 
ineens de boze stem van een naderende docent om de hoek hoort. Je verstijft alsof je op je plek 
bevroren lijkt te zijn. Freezing (ofwel verstijven) vindt plaats bij aanvang van blootstelling aan een 
bedreigende situatie. Het wordt gekenmerkt door een vermindering van lichaamsbeweging en een 
verlaging van de hartslag. Het is een toestand waarin ons lichaam de situatie snel en nauwkeurig 
waarneemt. Bovendien helpt het bij de voorbereiding op een optimale vecht- of vluchtreactie om 
adequaat met de bedreigende situatie om te kunnen gaan. In het hierboven beschreven scenario, 
kun je jezelf bijvoorbeeld voorbereiden op een discussie met de leraar om je te verdedigen door 
te zeggen dat je niet aan het roken was, de sigaret verstoppen voordat de leraar om de hoek 
verschijnt, of wegrennen in de hoop dat de leraar je niet ziet. Dus, freezing als een directe respons 
op een bedreiging, is adaptief. Echter, wanneer dit te lang duurt ben je minder goed in staat om 
adequaat op de bedreigende situatie te reageren, en kan freezing vervolgens disfunctioneel 
worden. Tegenovergesteld, kan de afwezigheid van freezing of een verminderde freezing respons 
ook disfunctioneel zijn, bijvoorbeeld wanneer je niet verstijft in een situatie waar dit een typische 
respons voor de meeste individuen is. De flexibiliteit in de overgang tussen freezing, vluchten en 
vechten is daarom erg belangrijk voor een adequate omgang met stressvolle situaties. Het centrale 
doel van het onderzoek in deze dissertatie was het vergroten van onze kennis over het functioneren 
van functionele en disfunctionele freezing. Om dit te bereiken, hebben we verschillen in de freezing 
respons bij mensen in kaart gebracht en bestudeerd, met een focus op de rol van de freezing respons 
in de ontwikkeling van stress-gerelateerde klachten. Onze centrale hypothese was: afwijkingen in 
freezing verhogen de kwetsbaarheid voor het ontwikkelen van stress-gerelateerde klachten.
In hoofdstuk 2 presenteren we een overzicht van de literatuur van de menselijke freezing en vecht- 
of vluchtreacties (freezing, fight, flight; FFF) en hun samenhang met angst en agressieve klachten. We 
bediscussiëren ook welke rol steroïde hormonen zoals cortisol en testosteron in deze samenhang 
spelen. Deze samenvatting van de bestaande literatuur suggereert dat afwijkingen in de FFF 
responsen, in interactie met veranderingen in het (neuro)endocriene systeem, veelbelovende 
markers zijn voor de ontwikkeling van stress-gerelateerde klachten. Verhoogde freezing en 
vluchtreacties, zowel als verhoogde cortisolspiegels en verminderde testosteronspiegels zijn 
geassocieerd met angstklachten. Daarentegen was een verhoogde tendens tot een vechtrespons, 
zoals verhoogde testosteron en verlaagde cortisolspiegels, kenmerkend voor agressieve klachten. 
Hoewel het onderzoeksveld van de menselijke FFF reacties nog in de kinderschoenen staat, 
suggereert het bestaande bewijs dat veranderingen in de FFF responsen een belangrijke bijdrage 
zouden kunnen leveren bij de ontwikkeling van affectieve klachten. Er blijkt een grote behoefte 
te bestaan aan onderzoek naar de relatie tussen freezing aan de ene kant en stress-gerelateerde 
hormonen en symptomen aan de andere kant. Ondanks dat dit verband al uitgebreid is beschreven 
bij dieren, moet dit nog in detail bestudeerd worden bij de mens.  
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In de daarop volgende hoofdstukken hebben we gebruik gemaakt van een prospectieve 
longitudinale studie opzet. In deze longitudinale studie hebben we de freezing respons op 
verschillende leeftijden in een onderzoekspopulatie op een objectieve manier gemeten. We 
hebben ons specifiek gefocust op individuen gedurende hun adolescentie, tussen 14 en 17 
jaar. Dit is een periode waarin adolescenten veel sociaal-emotionele uitdagingen tegen komen, 
hormonale veranderingen ondergaan, en affectieve symptomen zich voor het eerst ontwikkelen. 
In het algemeen bleek het mogelijk om freezing in adolescenten objectief te detecteren. Freezing 
kenmerkte zich door een vermindering van beweging en/of hartslag. Om dit te meten, hebben 
we gebruik gemaakt van een combinatie van posturografische (stabilometrisch platform) en 
cardiovasculaire methoden. De individuele verschillen in freezing hebben we vervolgens met 
verschillende maten van stress gerelateerd.
In dieren is stress op jonge leeftijd gekoppeld aan langdurige verandering in freezing en 
disfunctionele stressreacties. Ondanks de relevantie van freezing voor het omgaan met stress en 
de menselijke psychopathologie, is het onbekend of een dergelijk verband ook bij de mens een rol 
speelt. Om deze reden hebben we in hoofdstuk 3 het freezing gedrag van 14-jarigen bestudeerd. 
Dit is gedaan door middel van een combinatie van posturografische en cardiovasculaire methoden 
tijdens het bekijken van plaatjes van gezichten met verschillende blije, neutrale en boze 
gezichtsuitdrukkingen. De hechting (emotionele band) tussen ouder en kind in de vroege kindertijd 
(leeftijd van 15 maanden) werd bij dezelfde deelnemers met behulp van de gevalideerde Strange 
Situation Procedure gemeten. De resultaten van deze prospectieve longitudinale studie lieten zien 
dat adolescenten met een onveilige ouder-kind band een versterkte freezing reactie op boze 
versus neutrale gezichten hebben. In de veilig gehechte groep werd een soortgelijke versterkte 
freezing reactie alleen in individuen met verhoogde toestandsangst geobserveerd. Bovendien 
bleef de samenhang tussen een onveilige ouder-kind hechting en een verhoogde freezing respons ook 
bestaan na correctie voor de kwaliteit van het ouderlijk gedrag en negatieve ervaringen op latere 
leeftijd. Deze resultaten suggereren dat de ouder-kind hechting op jonge leeftijd het menselijke 
defensieve stress-respons systeem beïnvloedt. Verder schetsen deze gegevens ook voor het eerst 
empirische suggesties dat ouder-kind hechting, naast het verband met freezing bij dieren, ook bij 
mensen een rol speelt. Toekomstig onderzoek zal zich moeten richten op het repliceren van de 
huidige bevindingen in een onafhankelijke studie en het onderzoeken van de rol van freezing in de 
ontwikkeling van internaliserende symptomen (d.w.z., signalen zoals angst en depressie). 
In hoofdstuk 4 onderzochten we de invloed van acute stress op het menselijke freezing gedrag, 
en hun samenhang met internaliserende symptomen. Om adequaat met acute stress om te kunnen 
gaan, werd initieel een freezing reactie op stress verwacht, gevolgd door een tijdige beëindiging 
van deze freezing reactie na afloop van de bedreiging. Dit noemen we een adequate freezing 
reactiviteit. Deze uiting van het freezing gedrag werd in dieren beïnvloed door activiteit van de 
hypothalamische hypofyse bijnier as (ofwel hypothalamic pituitary adrenal (HPA)-as in het Engels), 
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waarbij verminderde HPA-as activiteit geassocieerd was met verminderde freezing reactiviteit en 
internaliserende symptomen. Ondanks het potentiële belang bij mensen en hun psychopathologie, 
is het onbekend of soortgelijke mechanismen ook bij mensen van toepassing zijn. Hierbij is met 
name het verschil in directe versus aanhoudende freezing van belang. Om deze reden onderzochten 
we freezing bij 92 adolescenten voor, direct na, en één uur na een inductie van acute stress. Net als 
in diermodellen lieten adolescenten ook een door stress geïnduceerde freezing reactie zien, die 
gekenmerkt werd door een verlaging van de hartslag en lichaamsbeweging. Bovendien was een 
lage basale cortisolspiegel gerelateerd aan een verminderde freezing reactiviteit, in de vorm van 
een verminderde directe freezing reactie na stress en vervolgens verminderd herstel van de freezing 
reactie. Analyses van signaalroutes van de HPA-as suggereren verder dat individuen met een lage 
basale cortisolspiegel minder freezing herstel lieten zien, en vervolgens een verhoogde mate van 
internaliserende symptomen. Deze bevindingen komen overeen met de huidige opvatting over de 
rol van HPA-as activiteit in de uiting van freezing. Bovendien suggereren deze resultaten dat freezing 
als directe respons op stress adaptief is, zolang het niet te lang aanhoudt. Een verminderd herstel 
van de freezing reactie daarentegen, zou mogelijk een veelbelovende marker voor de ontwikkeling 
van internaliserende symptomen kunnen zijn. 
Verondersteld wordt, dat bij dieren het freezing gedrag relatief stabiel en erfelijk is. Zoals beschreven 
in hoofdstuk 3 en 4, hebben we freezing twee keer in dezelfde deelnemers gemeten op 14- en 
op 17-jarige leeftijd. In hoofdstuk 5 hebben we gebruik gemaakt van deze twee metingen om 
de stabiliteit van het menselijke freezing gedrag te bepalen. In het bijzonder onderzochten we of 
individuele verschillen in het freezing gedrag in reactie op sociale dreiging (boze versus neutrale 
gezichten) op leeftijd 14 gerelateerd waren aan dezelfde meting en dezelfde individuen drie jaar 
later op leeftijd 17. De bevindingen suggereren dat individuele verschillen in freezing, uitgedrukt 
in hartslag maar ook in een combinatie van hartslag en lichaamsbeweging, tussen 14 en 17-jarige 
leeftijd stabiel zijn. Deze effecten waren echter niet specifiek voor het zien van boze versus neutrale 
gezichtsuitdrukkingen, maar werden ook bij contrasten tussen andere emoties gevonden. Ze zijn 
dus onafhankelijk van de ervaring van dreiging. Echter, exploratieve analyses lieten zien dat de 
meting van freezing op basis van de lichaamsbeweging stabiel en specifiek was voor de vergelijking 
tussen boze versus neutrale gezichtsuitdrukkingen, maar alleen bij vrouwen. Tenslotte werd er 
geen invloed gevonden van huidige stress of stress op jonge leeftijd op individuele verschillen in 
de freezing reactie, noch op hun stabiliteit over tijd. Samengevat suggereren deze bevindingen 
dat de freezing respons op sociale dreiging over een relatieve lange periode van midden tot late 
adolescentie relatief stabiel is. Deze stabiliteit werd echter niet gevonden voor verandering in 
lichaamsbeweging in mannelijke proefpersonen. Bovendien waren onze stabiliteitsbevindingen 
niet specifiek voor dreiging en weerspiegelen ze een mogelijk algemeen patroon in de stabiliteit van 
de hartslag. Desondanks is het feit dat we dit stabiliteitspatroon over een relatief lange tijdsperiode 
konden observeren, veelbelovend voor studies die freezing als een marker voor internaliserende 
symptomen bestuderen. Vervolgstudies moeten onderzoeken of dit stabiliteitspatroon ook 
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gevonden kan worden tijdens stabielere leeftijdsfasen, die minder gekenmerkt worden door grote 
ontwikkelingsveranderingen zoals tijdens de adolescentie. Bovendien moet toekomstig onderzoek 
ook uitwijzen of de stabiliteit vergroot wordt als freezing opgeroepen wordt in een context met een 
sterkere dreiging, zoals elektrische prikkels of aversievere plaatjes. 
Het doel van hoofdstuk 6 was om prospectief te onderzoeken of veranderingen in de freezing 
respons op jonge leeftijd, veranderingen in de ontwikkeling van internaliserende symptomen 
kunnen voorspellen. Internaliserende symptomen hebben een grote invloed op het sociaal-
emotionele welzijn van een individu, maar ook op de maatschappij in het algemeen. Het 
is daarom belangrijk om objectieve markers, die de ontwikkeling van internaliserende 
symptomen bij individuen met verhoogd risico kunnen voorspellen, vroeg in de ontwikkeling 
te identificeren. Een veel belovende marker is freezing. Terwijl een directe freezing respons 
belangrijk is voor het omgaan met dreiging, wordt een te lang aanhoudende freezing respons 
geassocieerd met internaliserende symptomen (zie hoofdstuk 4). Echter, tot nu toe is het 
nog onduidelijk of veranderingen in de freezing reactie op jonge leeftijd de ontwikkeling van 
internaliserende symptomen kunnen voorspellen. Aangezien kleine kinderen nog niet stil op 
een stabilometrisch platform kunnen staan zoals gebruikt in de voorafgaande hoofdstukken, 
moesten we hier gebruik maken van een andere methode voor het meten van freezing. 
We ontwikkelden een observatieschema om individuele verschillen in kinderlijke freezing 
tijdens een gestandaardiseerd robot-confrontatie paradigma te bepalen. We relateerden deze 
observaties van peuters op een leeftijd van 15 maanden prospectief aan internaliserende 
symptomen, gemeten op verschillende leeftijd tijdens hun ontwikkeling (leeftijden 9, 12, 14 en 
17). Veranderingen in freezing op jonge leeftijd waren gerelateerd aan een relatieve toename 
van internaliserende symptomen. Terwijl de afwezigheid van freezing een continue toename van 
relatieve lage naar relatieve hoge mate van internaliserende symptomen over de adolescentie 
voorspelden, voorspelden langere freezing responsen verhoogde internaliserende symptomen 
alleen tijdens de vroege adolescentie. Dit latere patroon werd verder beïnvloed door stress van 
pubers: alleen individuen met zowel langere freezing reacties op jonge leeftijd als een verhoogde 
mate van stress ervaren in de omgang met andere pubers/leeftijdsgenoten, lieten een relatieve 
toename aan internaliserende symptomen tijdens de vroege adolescentie zien. Onze observatie 
is dat niet alleen langer, maar ook afwezig freezing gedrag, voorspellend is voor internaliserende 
symptomen op verschillende leeftijden tijdens de adolescentie. Dit is in overeenkomst met 
de huidige opvatting dat freezing een adaptieve reactie is. Dit past ook goed bij het feit dat 
individuen met een specifieke genetische predispositie, namelijk S’ homozygoten van de 
serotonine transporter-gen polymorfisme (5-HTTLPR/rs25531), deze afwijkingen in hun freezing 
respons lieten zien. S’ homozygoten worden in het algemeen als kwetsbaar beschouwd voor 
de ontwikkeling van stress-gerelateerde klachten. Samengevat suggereren deze bevindingen 
dat afwijkingen in de freezing reactie op jonge leeftijd een mogelijke kwetsbaarheid voor de 
ontwikkeling van internaliserende symptomen kunnen signaleren. 
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Samenvattend dragen de studies in deze dissertatie bij aan onze kennis over de menselijke 
defensieve stressreacties. We hebben laten zien dat we in adolescenten freezing als stressrespons 
hebben kunnen meten door middel van posturografische en cardiovasculaire metingen. Dankzij 
het gebruik van een prospectieve longitudinale studie konden we tevens observaties van freezing 
in peuters als een mogelijke risico versus beschermende factor voor de ontwikkeling van stress-
gerelateerde klachten bestuderen. De bevindingen in deze dissertatie suggereren tezamen dat 
afwijkingen in freezing—zowel in de vorm van te veel als te weinig freezing—de kwetsbaarheid 
voor het ontwikkelen van internaliserende symptomen kunnen signaleren. Individuele verschillen 
in de freezing respons zijn een veelbelovende marker, die verder bestudeerd moet worden in 
toekomstig onderzoek naar kwetsbaarheid en veerkracht. 
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und Energie anfängst. Auch bin ich unendlich stolz darauf, Nairas Tante zu sein. Ich bewundere, wie 
du alles in einer unglaublichen Ruhe und Gelassenheit unter einen Hut bringst. Jan, ich bewundere 
wie du deinen bisherigen Lebensweg gestaltet hast. Ich finde, du hast die außerordentliche 
Fähigkeit, Dinge zu durchschauen und auf den Punkt zu bringen. Beeindruckend finde ich dein 
vielfältiges Interesse an kulturellen und sozialen Themen und Prozessen. Ich habe und ich werde 
immer zu Dir aufblicken als meinen großen Bruder. Danke, dass Ihr beiden immer für mich da seid. 
Liebe Mama, lieber Papa, mir fällt es schwer, die richtigen Worte zu finden, die ausdrücken 
können, wie dankbar und glücklich ich bin, Euch als meine Eltern zu haben. Danke für Eure Liebe, 
Unterstützung und Geduld, mit der ihr mir in allen Lebenslagen zur Seite steht. Ihr habt mich zu 
dem gemacht, was ich heute bin und gebt mir den Mut, meinen eigenen Weg zu gehen. 
Lieve Mark, nu is het eindelijk mijn beurt om je hier te mogen noemen. Zonder jou was ik 
waarschijnlijk nooit aan dit PhD avontuur begonnen en er waarschijnlijk ook nooit doorheen 
gekomen. Dankjewel voor je “coaching”, je liefde en je geduld met mij. We zijn al samen een nieuw 
avontuur in Dresden/Jena begonnen. Ik kijk uit naar ons gezamenlijke leven. Ik hou van jou! 
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